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OF OPTIMIZATION MODELS, THE LNG SUPPLY CHAIN INCLUDING ONE
OR MORE LNG LIQUEFACTION TERMINALS, ONE O MORE LNG
REGASIFICATION TERMINALS, AND A FLEET OF SHIPS
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_____ - 1408

CODE FOR RUNNING THE PLURAL! TY QF OFTIMHZATION MOBEL8 USING
THE INTERFACED ONE OR MORE SOLUTION ALGORITHMS TO CREATE
AN OPTIMIZED SHIP SCHEDULE, WHEREIN UNCERTAINTY IS
ACCOUNTED FORIN THE OPTIMIZED SHIP S5CHEDULE

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

? 1410
| CODE FOR QUTPUTTING THE OPTIMIZED SHIP SCHEDULE

Fig. 14
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COLDE FOR MODRELING AN LNG MAF{KET USING ONE OR MORE
OFTIMIZATION MODELS, WHEREIN THE LNG MARKET INCLUDES
AT LEAST ONE BUYER OF LNG, AT LEAST ONE SELLER OF LNG,
ANLD AT LEAST ONE MEANS OF TRANSPORT%NG LNG
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1504

CODLE FOR ACCEPTING A S‘LURALETY OF INPUTS RELEVANT TO
THE LNG MARKET, THE PLURALITY OF INPUTS CONFIGURED TO
Be INPUT INTO THE ONE OR MORE OFTIMIZATION MODELS

CODLDE FOR INTERFACING ONE OR MORE SOLUTION ALGORITHMS
WiTH THE ONE OR MORE OPTEM?ZATSON MODELS

CODE FOR RUNNING THE ONE OR VMORE OPTIMIZATION MODELS
USING THE INTERFACED ONE OR MORE SOLUTION ALGORITHMS
TOIDENTIFY POTENTIAL OPTIONS IN THE LNG MARKET, SHIP

SCHEDULE WHEREIN UNCERTAINTY IS5 ACCOUNTED FORIN THE

IDENTHIED POTENTIAL OFPTIONS
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CODE FOR MODELING AN LNG SUPPLY CHAIN WITH A PLURALT
OF DECISION-MAKING MODULES, WHEREIN THE PLURALITY OF

DECISION-MAKING MODULES ARE CONFIGURED TO CAPTURE
SEHAVIOR OF VARIOUS ELEMENTS OF THE LNG SUPPLY CHAIN

1604

CODE FOR ENTERING, INTO A COMPUTERMBASED SEMUL&TEON
L SYSTEM, DATA REPRESENTING A CURRENT STATE OF AT
- LEAST A PORTION OF THE LNG SUPPLY CHAIN

11111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111

CODE FOR EMPLOYING OPTIMIZATI ON TECHNIQUES WIiTH THE

PLURALITY OF DECISION-MAKING MODULES TO PRESCRIBE OPERATING
DECISIONS FOR EACH ELEMENT OF THE LNG SUPPLY CHAIN 5

a
11111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CODE FOR RUNNING A Séﬁ‘y’EULAT ON OF THE LNG SUPPLY
CHAIN USING THE PLURALITY OF DECISION-MAKING
MODULES, THE DATA, AND THE OFTIMIZATION TECHNIQUES

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

+- ~ 1610
"CODE FOR OUTPUTTING AN LNG SHIPPING SCHEDULE |

Fig. 16
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----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Ll

CODE FOR MODELING AN LNG SHEF"PENG CHAIN USING A PLURAUTY
OF OPTIMIZATION MODELS, THE MODELED LNG SUPPLY CHAIN
INCLUDING AFLEET OF SHIPS, AT LEAST ONE LNG REGASIFICATION
TERMINAL, AT LEAST ONE LNG LIQUEFACTION TERMINAL, MULTIPLE
CUSTOMERS HAVING PURCHASE CONTRACTS OF VARYING TERMS,
AND AT LEAST LNG STORAGE FAME_ETY
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= 1704

CODLE FOR ACCEPTING INPUT DATA RE:LEVANT TO THE MDE}ELFQ LING
SUPPLY CHAIN, THE INPUT DATA CONFIGUREDR TO BE INPUT INTO THE
PLURAUW OF O?T i‘v’E ZATEON MODELS

---------

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

1706

COLE FOR INTERFACING ONE DF? MORE SOLUTION ALGQR!THMS
WITH THE PLURALITY OF OPTIMIZATION MODELS

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

CODE FOR RUNNING THE PLURAL 1Y OF OPTIMIZATION MOGELS
USING THE INTERFACED ONE OR MORE SOLUTION ALGORITHMS

TO CREATE AN OPTIMIZED SUPPLY CHAIN DESIGN

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

—~ 1710
CODE FOR OUTPUTTING THE OPTIMIZED SUPPLY GHAIN DESIGN |
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Fig. 17
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1800

DENTIEY POTENTIAL LONG-TERM OPTIONS 1802

| GENERATE OPTIMIZED SHIP SCHEDULES [ 1804

ASSIGN VALUATION TO EASH OPTIMIZED SHIP SCHEDULE 1806
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- OUTPUT THE MOST AQVANTAGEQUS VALUATEQN 1810

Fig. 18

GENERATE LNG SUPPLY CHAIN DESIGN [~ 1902
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GENERATE LNG SUPPLY CHAIN DESIGN | 2002
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METHOD FOR DEVELOPING A
LONG-TERM STRATEGY FOR
ALLOCATING A SUPPLY OF LIQUEFIED
NATURAL GAS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s the National Stage of International
Application No. PCT/US2012/0653035, that published as

Intl. Patent Application Pub. No. WO 2013/085689, filed 15
Nov. 2012, which claims the benefit of U.S. Provisional
Application No. 61/568,908, filed 9 Dec. 2011, entitled
METHOD FOR DEVELOPING A LONG-TERM STRAT-
EGY FOR ALLOCATING A SUPPLY OF LIQUEFIED
NATURAL GAS, each of which 1s mcorporated herein by
reference, 1n 1ts entirety, for all purposes.

FIELD OF THE INVENTION

Disclosed aspects and methodologies relate to Liquetied
Natural Gas (LNG) operations, and more particularly, to
systems and methods relating to planning and operations of
an LNG project or projects.

BACKGROUND

This section 1s intended to introduce various aspects of the
art, which may be associated with aspects of the disclosed
techniques and methodologies. References discussed 1n this
section may be referred to herematfter. This discussion,
including the references, 1s believed to assist 1n providing a
framework to facilitate a better understanding of particular
aspects of the disclosure. Accordingly, this section should be
read 1n this light and not necessarily as admissions of prior
art.

The current liquefied natural gas (LNG) business 1s driven
by long-term contracts and planning Currently, annual deliv-
ery schedules for each LNG project are planned and agreed
upon by various parties betfore the beginning of each con-
tractual time period. In addition, an updated 90-day delivery
schedule 1s developed by the LNG producer and provided to
customers every month to account for deviations from the
annual schedule. Agreement on these delivery plans can
involve significant negotiation and coordination of opera-
tions by several parties. Consequently, developing a portio-
lio of LNG projects and operating LNG liquefaction termi-
nals involves significant long-term planning which can
greatly benefit from robust planning and optimization tools.

Increasing liquidity 1in the LNG market may cause the
global LNG business to evolve from a long-term contracts
based business to one with significantly more flexibility and
short-term sales. This will complicate the management of
projects since operations will have to be optimized not only
to satisty contractual obligations but also to maximize
profitability by exploiting contractual flexibility and market
opportunities. Known attempts to manage LNG projects via
computational technology have fallen short because of sub-
stantially reduced scope, reduced capabilities of the pro-
posed solutions, and/or a lack of the technology utilized. The
tollowing paragraphs discuss known attempts as they relate
to various aspects of the disclosed methodologies and tech-
niques.

Ship Scheduling. Many LNG projects currently tend to
use simple spreadsheets for scheduling ships. The schedule
has to be populated manually and does not provide any
optimization functionality. Even 1n the more detailed sys-
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tems, there are no known integrated models for lifting
schedule generation combined with ship schedule optimiza-
tion. This can lead to sub-optimal plans manifested in
over-utilization of spot vessels for satistying contractual
demands. Further, generating a feasible shipping schedule
could require a great number of iterations between the
capacity planning and the ship scheduling components.
Additionally, the ship scheduling components of the more
sophisticated models do not seek to optimize schedules for
selling spot cargoes, and do not account for transportation
losses 1 cargo (e.g. boil-ofl, fuel) and consequently the
generated ship schedules have discrepancies when attempt-
ing to satisiy contractual obligations related to annual vol-
ume delivered.

Rakke et al (2010) seems to be a first attempt to address
problems of developing Annual Development Plans (ADPs)
for larger LNG projects. While Rakke reports results for
problems with multiple ships and a one year planming
horizon, the optimization model and solution methods are
tairly simplified. For example, the model 1s built for a case
with only one producing terminal, boil-off and heel calcu-
lations are not integrated with ship schedules, partial loads
and discharges are not allowed, time windows are not
specified for deliveries, etc. From a practical perspective,
known ship schedule methodologies address a much sim-
plified and a small subset of the LNG ship schedule opti-
mization problem. What 1s needed 1s a method and system
that presents a complete solution to the LNG ship scheduling
problem.

Optionality Planning. Optionality 1s the value of addi-
tional optional investment opportunities available only after
having made an 1nmitial investment. Basic principles or con-
cepts of optionality planning may be derived from well
known problems such as the Chinese Postman Problem,
cycle covering, and capacity planning. A concept of shipper
collaboration 1s described by Ergun et al. (2007) and Agar-
wal et al. (2009). However, such examples do not allow for
fungible products (i.e. LNG), they do not assume ships can
be assigned fractionally, and they fix in advance the shipping
lanes for routing a product from supplier to buyer. What 1s
needed 1s a system and method for LNG optionality plan-
ning that includes concepts such as those mentioned above.

Shipping Simulation. Known tools may be combined to
determine “best case” and typical schedules possible under
vartous LNG supply chain design scenarios as part of a
planning process for designing new LNG projects. Although
certain aspects ol existing simulation systems are quite
detailed, there are other components of these simulation
systems that can be improved. For example, known systems
have limited options and functionality related to the eco-
nomics (e.g., modern asset pricing models), operations
scheduling, optimization and decision-making. Although
many simulation application developers all use the term
“optimize” in their documentation, their use of the term
usually refers to manual scenario exploration and not math-
ematical optimization.

LNG Supply Chain Design. A combination of currently
available computational applications could be used to deter-
mine the “best case” and typical schedules possible under
vartous LNG supply chain design scenarios as part of a
planning process for designing new LNG projects. The
drawback of this approach is that the computational expense
for evaluating a single supply chain design case 1s quite high
with such a set of applications. Thus evaluating a large
number of design scenarios 1s computationally prohibitive.
Further, the computational complexity becomes quite sub-
stantial 1f one wants to consider large supply chains (more




US 10,013,663 B2

3

than average number of LNG terminals and regasification
ports) or more complicated scenarios allowing for the pool-

ing of ships along multiple routes—a characteristic currently
possible to evaluate only 1n limited scenarios with current
systems, but strategically considered to be highly desirable
for future designs and operations. While problems relating to
the LNG ship routing problem have been addressed, there 1s
no known public domain literature that address the full-scale
LNG supply chain design problem.

Valuation Analysis. Various studies have explored the
cancellation options in LNG contracts, the valuation of
destination flexibility 1n long-term LNG supplies, valuation
of storage at an LNG terminal and for a more general setting,
and valuation of natural gas storage. However, no known
studies describe the kinds of analyses made available by the
inventions described here for various LNG options. What 1s
needed 1s a method and system to improve the overall
profitability of a liquefied natural gas (LNG) portiolio.

SUMMARY

In one aspect, a method 1s provided for developing a
long-term strategy for allocating a supply of liquefied natu-
ral gas (LNG) while adhering to limitations of available
shipping capacity. An LNG market 1s modeled using one or
more optimization models. The LNG market includes at
least one buyer of LNG, at least one seller of LNG, and at
least one means of transporting LNG. A plurality of inputs
relevant to the LNG market are accepted. The plurality of
iputs are configured to be iput into the one or more
optimization models. One or more solution algorithms are
interfaced with the one or more optimization models. The
one or more optimization models are run using the inter-
faced one or more solution algorithms to identify potential
options 1n the LNG market. Uncertainty 1s accounted for 1n
the i1dentified potential options. The identified potential
options are outputted.

In another aspect, a method 1s provided for delivering
liquetied natural gas (LNG) using a long-term strategy for
allocating an LNG supply that adheres to limitations of
available shipping capacity. An LNG market 1s modeled
using one or more optimization models. The LNG market
includes at least one buyer of LNG, at least one seller of
LNG, and at least one means of transporting LNG. A
plurality of inputs relevant to the LNG market are accepted.
The plurality of inputs are configured to be mnput into the one
or more optimization models. One or more solution algo-
rithms are interfaced with the one or more optimization
models. The one or more optimization models are run using,
the interfaced one or more solution algorithms to identify
potential options 1 the LNG market. Uncertainty 1s
accounted for 1n the identified potential options. The 1den-
tified potential options are outputted. LNG 1s delivered
according to the identified potential options.

In another aspect, a computer program product is pro-
vided having computer executable logic recorded on a
tangible, machine-readable medium. Code 1s provided for
developing a long-term strategy for allocating a supply of
liquetfied natural gas (LNG) while adhering to limitations of
available shipping capacity, the code for developing includ-
ing: code for modeling an LNG market using one or more
optimization models, wherein the LNG market includes at
least one buyer of LNG, at least one seller of LNG, and at
least one means of transporting LNG; code for accepting a
plurality of 1inputs relevant to the LNG market, the plurality
of mputs configured to be input into the one or more
optimization models; code for interfacing one or more
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solution algorithms with the one or more optimization
models; and code for running the one or more optimization
models using the interfaced one or more solution algorithms
to 1dentily potential options in the LNG market, wherein
uncertainty 1s accounted for in the identified potential
options. Code 1s provided for outputting the 1dentified poten-
tial options.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other advantages of the present mnven-
tion may become apparent upon reviewing the following
detailed description and drawings of non-limiting examples
of embodiments in which:

FIG. 1 1s a block diagram of a LNG supply chain design
optimization model according to disclosed aspects and
methodologies;

FIG. 2 1s a block diagram of an optimization system
according to disclosed aspects and methodologies;

FIG. 3 1s an output of a graphical user interface on a
display according to disclosed aspects and methodologies;

FIG. 4 1s a block diagram of a ship scheduling model
according to disclosed aspects and methodologies;

FIG. 5 1s a display output of a ship scheduling example
according to disclosed aspects and methodologies;

FIG. 6 1s a chart showing a ship schedule corresponding
to the ship scheduling example of FIG. §;

FIG. 7 1s a chart showing profit earned by different ship
scheduling scenarios, including the ship schedule of FIG. 6;

FIG. 8 1s a flowchart showing a method of generating an
optimized ship schedule and terminal i1nventory profile
according to disclosed aspects and methodologies;

FIG. 9 1s a flowchart showing a method of optionality
planning according to disclosed aspects and methodologies;

FIG. 10 1s a flowchart showing a method of LNG shipping
simulation according to disclosed aspects and methodolo-
g1es;

FIG. 11 1s a flowchart showing a method of modeling a
LNG supply chain according to disclosed aspects and meth-
odologies;

FIG. 12 1s a block diagram depicting an LNG supply
chain optimization platform according to aspects and meth-
odologies;

FIG. 13 1s a block diagram of a computing system
according to disclosed aspects and methodologies;

FIG. 14 1s a block diagram representing computer code
according to disclosed aspects and methodologies;

FIG. 15 1s a block diagram representing computer code
according to disclosed aspects and methodologies;

FIG. 16 1s a block diagram representing computer code
according to disclosed aspects and methodologies;

FIG. 17 1s a block diagram representing computer code
according to disclosed aspects and methodologies;

FIG. 18 15 a flowchart showing a method of valuating and
validating potential long-term options in an LNG market
according to disclosed aspects and methodologies;

FIG. 19 15 a flowchart showing a method of validating an
LNG supply chain design according to disclosed aspects and
methodologies;

FIG. 20 1s a flowchart showing another method of vali-
dating an LNG supply chain design according to disclosed
aspects and methodologies;

FIG. 21 1s a flowchart showing a method of valuating a
short-term optionality 1n an LNG market according to dis-
closed aspects and methodologies; and
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FIG. 22 1s a flowchart showing another method of valu-
ating a short-term optionality 1n an LNG market according
to disclosed aspects and methodologies.

DETAILED DESCRIPTION

To the extent the following description 1s specific to a
particular embodiment or a particular use, this 1s intended to
be illustrative only and 1s not to be construed as limiting the
scope of the mvention. On the contrary, 1t 1s intended to
cover all alternatives, modifications, and equivalents that
may be included within the spirit and scope of the invention.

Some portions of the detailed description which follows
are presented 1n terms ol procedures, steps, logic blocks,
processing and other symbolic representations of operations
on data bits within a memory 1n a computing system or a
computing device. These descriptions and representations
are the means used by those skilled i1n the data processing
arts to most eflectively convey the substance of their work
to others skilled in the art. In this detailed description, a
procedure, step, logic block, process, or the like, 1s con-
ceived to be a self-consistent sequence of steps or instruc-
tions leading to a desired result. The steps are those requiring
physical manipulations of physical quantities. Usually,
although not necessarily, these quantities take the form of
clectrical, magnetic, or optical signals capable of being
stored, transferred, combined, compared, and otherwise
manipulated. It has proven convenient at times, principally
for reasons of common usage, to refer to these signals as
bits, values, elements, symbols, characters, terms, numbers,
or the like.

Unless specifically stated otherwise as apparent from the
tollowing discussions, terms such as generating, modeling,
accepting, mterfacing, running, outputting, evaluating, opti-
mizing, performing, minimizing, maximizing, developing,
determining, analyzing, 1dentifying, representing, imcorpo-
rating, entering, employing, displaying, using, integrating,
simulating, valuating, valuing, wvalidating, comparing,
accounting for, prescribing, or the like, may refer to the
action and processes of a computer system, or other elec-
tronic device, that transforms data represented as physical
(electronic, magnetic, or optical) quantities within some
clectrical device’s storage into other data similarly repre-
sented as physical quantities within the storage, or 1n trans-
mission or display devices. These and similar terms are to be
associated with the appropriate physical quantities and are
merely convenient labels applied to these quantities.

Embodiments disclosed herein also relate to an apparatus
for performing the operations herein. This apparatus may be
specially constructed for the required purposes, or it may
comprise a general-purpose computer selectively activated
or reconfigured by a computer program or code stored 1n the
computer. Such a computer program or code may be stored
or encoded 1n a computer readable medium or implemented
over some type of transmission medium. A computer-read-
able medium includes any medium or mechanism for storing
or transmitting information 1n a form readable by a machine,
such as a computer (‘machine' and ‘computer’ are used
synonymously herein). As a non-limiting example, a com-
puter-readable medium may include a computer-readable
storage medium (e.g., read only memory (“ROM”), random
access memory (“RAM”), magnetic disk storage media,
optical storage media, flash memory devices, etc.). A trans-
mission medium may be twisted wire pairs, coaxial cable,
optical fiber, or some other suitable transmission medium,
for transmitting signals such as electrical, optical, acoustical
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or other form of propagated signals (e.g., carrier waves,
infrared signals, digital signals, etc.)).

Furthermore, modules, features, attributes, methodolo-
gies, and other aspects can be implemented as software,
hardware, firmware or any combination thereof. Wherever a
component of the invention 1s implemented as software, the
component can be implemented as a standalone program, as
part of a larger program, as a plurality of separate programs,
as a statically or dynamically linked library, as a kemnel
loadable module, as a device driver, and/or 1n every and any
other way known now or 1n the future to those of skill 1n the
art of computer programming Additionally, the mnvention 1s
not limited to implementation 1n any specific operating
system or environment.

Example methods may be better appreciated with refer-
ence to flow diagrams. While for purposes of simplicity of
explanation, the 1illustrated methodologies are shown and
described as a series of blocks, 1t 1s to be appreciated that the
methodologies are not limited by the order of the blocks, as
some blocks can occur in different orders and/or concur-
rently with other blocks from that shown and described.
Moreover, less than all the illustrated blocks may be required
to 1mplement an example methodology. Blocks may be
combined or separated into multiple components. Further-
more, additional and/or alternative methodologies can
employ additional blocks not shown herein. While the
figures illustrate various actions occurring serially, 1t 1s to be
appreciated that various actions could occur 1n series, sub-
stantially 1n parallel, and/or at substantially different points
in time.

Various terms as used herein are defined below. To the
extent a term used 1n a claim 1s not defined below, 1t should
be given the broadest possible defimition persons in the
pertinent art have given that term as reflected 1n at least one
printed publication or 1ssued patent.

As used herein, “and/or” placed between a first entity and
a second enftity means one of (1) the first entity, (2) the
second entity, and (3) the first entity and the second entity.
Multiple elements listed with “and/or” should be construed
in the same fashion, 1.e., “one or more” of the elements so
conjoined.

As used herein, “displaying” includes a direct act that
causes displaying, as well as any indirect act that facilitates
displaying. Indirect acts include providing software to an
end user, maintaining a website through which a user 1s
cnabled to affect a display, hyperlinking to such a website,
or cooperating or partnering with an entity who performs
such direct or indirect acts. Thus, a first party may operate
alone or 1n cooperation with a third party vendor to enable
the reference signal to be generated on a display device. The
display device may include any device suitable for display-
ing the reference 1image, such as without limitation a CRT
monitor, a LCD monitor, a plasma device, a flat panel
device, or printer. The display device may include a device
which has been calibrated through the use of any conven-
tional software intended to be used 1n evaluating, correcting,
and/or improving display results (e.g., a color monitor that
has been adjusted using monitor calibration software).
Rather than (or 1in addition to) displaying the reference
image on a display device, a method, consistent with the
invention, may include providing a reference image to a
subject. “Providing a reference image” may include creating
or distributing the reference 1mage to the subject by physi-
cal, telephonic, or electronic delivery, providing access over
a network to the reference, or creating or distributing sofit-
ware to the subject configured to run on the subject’s
workstation or computer including the reference 1mage. In
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one example, the providing of the reference image could
involve enabling the subject to obtain the reference 1image 1n
hard copy form wvia a printer. For example, information,
software, and/or instructions could be transmitted (e.g.,
clectronically or physically via a data storage device or hard
copy) and/or otherwise made available (e.g., via a network)
in order to facilitate the subject using a printer to print a hard
copy form of reference image. In such an example, the
printer may be a printer which has been calibrated through
the use of any conventional software intended to be used in
evaluating, correcting, and/or improving printing results
(c.g., a color printer that has been adjusted using color
correction soltware).

As used herein, “exemplary” 1s used exclusively herein to
mean “serving as an example, instance, or illustration.” Any
aspect described herein as “exemplary” 1s not necessarily to
be construed as preferred or advantageous over other
aspects.

As used herein, “hydrocarbon” includes any of the fol-
lowing: o1l (often referred to as petroleum), natural gas 1n
any form including liquefied natural gas (LNG), gas con-
densate, tar and bitumen.

As used herein, “hydrocarbon management” or “manag-
ing hydrocarbons” includes hydrocarbon extraction, hydro-
carbon production, hydrocarbon exploration, identifying
potential hydrocarbon resources, identitying well locations,
determining well injection and/or extraction rates, 1dentity-
Ing reservolr connectivity, acquiring, disposing of and/or
abandoning hydrocarbon resources, reviewing prior hydro-
carbon management decisions, and any other hydrocarbon-
related acts or activities.

As used herein, “machine-readable medium” refers to a
medium that participates 1n directly or indirectly providing,
signals, 1nstructions and/or data. A machine-readable
medium may take forms, including, but not limited to,
non-volatile media (e.g. ROM, disk) and volatile media
(RAM). Common forms of a machine-readable medium
include, but are not limited to, a floppy disk, a flexible disk,
a hard disk, a magnetic tape, other magnetic medium, a
CD-ROM, other optical medium, a RAM, a ROM, an
EPROM, a FLASH-EPROM, EEPROM, or other memory
chip or card, a memory stick, and other media from which
a computer, a processor or other electronic device can read.

The terms “optimal,” “optimizing,” “optimize,” “optimal-
ity,” “optimization” (as well as derivatives and other forms
of those terms and linguistically related words and phrases),
as used herein, are not intended to be limiting 1n the sense
of requiring the present invention to find the best solution or
to make the best decision. Although a mathematically opti-
mal solution may in fact arrive at the best of all mathemati-
cally available possibilities, real-world embodiments of
optimization routines, methods, models, and processes may
work towards such a goal without ever actually achieving
perfection. Accordingly, one of ordinary skill in the art
having benefit of the present disclosure will appreciate that
these terms, in the context of the scope of the present
invention, are more general. The terms may describe one or
more of: 1) working towards a solution which may be the
best available solution, a preferred solution, or a solution
that oflers a specific benefit within a range of constraints; 2)
continually improving; 3) refining; 4) searching for a high
point or a maximum for an objective; 3) processing to reduce
a penalty function; or 6) seeking to maximize one or more
factors 1n light of competing and/or cooperative interests 1n
maximizing, minimizing, or otherwise controlling one or
more other factors, etc.
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As used herein, the term “production entity” or “produc-
tion enfities” refer to entities mvolved 1 a liquetaction
project or regasification project.

Example methods may be better appreciated with refer-
ence to flow diagrams. While for purposes of simplicity of
explanation, the illustrated methodologies are shown and
described as a series of blocks, 1t 1s to be appreciated that the
methodologies are not limited by the order of the blocks, as
some blocks can occur in different orders and/or concur-

rently with other blocks from that shown and described.
Moreover, less than all the illustrated blocks may be required
to 1implement an example methodology. Blocks may be
combined or separated into multiple components. Further-
more, additional and/or alternative methodologies can
employ additional blocks not shown herein. While the
figures illustrate various actions occurring serially, it 1s to be
appreciated that various actions could occur 1n series, sub-
stantially 1n parallel, and/or at substantially different points
in time.

Disclosed aspects and methodologies provide the capa-
bility to perform a number of valuation and validation
analyses for the LNG supply chain incorporating options
and opportunities. Examples of the kinds of analyses include
identification and valuation of short-term and long-term
options, portiolio planning analysis, management of ship-
ping operations, validation of supply chain operability, and
new LNG project design and evaluation. To enable some of
these analyses and to substantially improve the existing
capabilities to perform others, a suite of fit-for-purpose
optimization and analytics applications are used in combi-
nation within various workflows and methodologies. Five
specific optimization and analytical models have been 1den-
tified as components of such a software suite. These models
form the combined suite of applications to be used 1n
operations, analysis and decision-making within the LNG
value chain. These models include: (1) ship scheduling,
which has a capability for combined LNG ship scheduling,
logistics and inventory optimization to develop annual deliv-
ery programs, rolling 90-day schedules, or schedules of any
other usetul scheduling time horizon; (2) optionality plan-
ning, which 1s used to 1dentity the benefits, value or advan-
tages 1 potential options and investments 1n long-term
global LNG market analysis and for portiolio planning; (3)
price model, which provides advanced price scenario gen-
cration capabilities enabling the valuation and statistical
analysis of short-term optionality; (4) supply chain design,
which provides optimization under uncertainty for robust
LNG supply chain designs of new LNG projects including
appropriate operational details; and (5) shipping simulation,
which 1s a high-fidelity simulator to study, probabailistically
analyze and visualize the behavior of LNG supply chain
operations. The models encompass a variety of analytical
tasks and levels of fidelity.

Using the terminology defined by Lustig, et al. (2010),
there are three general categories of analytics: descriptive,
predictive and prescriptive. Descriptive analytics involve the
consolidation and classification of data (e.g. database) as
well as methods for visualizing 1t. Predictive analytics use
data and mathematical techniques to uncover relationships
between data inputs and outcomes (e.g. data mining, fore-
casting). Prescriptive analytics use advanced mathematical
techniques to determine alternatives or decisions given a set
ol objectives, requirements and constraints (e.g. optimiza-
tion). The price model and shipping simulation model are of
a predictive nature, and the ship scheduling, supply chain
design and optionality planning models are of a more
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advanced prescriptive nature. A descriptive analytics layer 1s
included to provide a data backbone to any or all of the
above models.

FIG. 1 depicts an optimization model 100 according to
disclosed aspects and methodologies. In contrast to known
optimization models that recursively adjust model design
parameters when an output of an optimization does not meet
acceptable guidelines, optimization model 100 1incorporates
design requirements 102, an economics model 104, and
robust metrics 106, all of which may be used 1n design
optimization 108. Optimization model 100 may be based on
one or more of constraint programming, mathematical pro-
gramming, dynamic programming, or other optimization
modeling frameworks.

According to disclosed aspects and methodologies, opti-
mization model 100 may be used 1n an optimization system
200 as shown 1n FIG. 2. Block 202 represents data that 1s
input to the optimization system. The data may be manu-
ally input or may be input from a spreadsheet, database, or
other data organization device or system. Optimization
system 200 employs one or more optimization models 100
in conjunction with an optimization solution method or
algorithm 204, which may include one or a combination of
commercial solvers, heuristic methods, or exact solution
methods. A user interface 206 1s used to provide a means for
a user to mput data, modily variables and parameters, and
monitor intermediate and final results of runs of the opti-
mization model. Results of the optimization system are
output at 208. The results may be output in the form of
spreadsheets, data 1n a database, charts, figures, graphical
displays, or the like.

FIG. 3 depicts an analysis screen 300 displayed using a
graphical user interface (GUI) on a computer display. Analy-
s1s screen 300 includes a display of positions of ships 3024,
3025, active shipping routes 304a, 3045, inventory details at
various terminals and storage facilities 306a, 3065, weather
patterns 308, and information on ship status 310. Analysis
screen 300 provides an intuitive and imnformative summary
of the “state of the world” at any moment 1n time during a
simulation run, and may also display outputs of the simu-
lation run. Amimating analysis screen 300 may help with
identifyving subtle interactions between different key deci-
s101s over time.

Each of the optimization models disclosed herein may
advantageously use the structure of optimization model 100,
optimization system 200, and/or analysis screen 300. The
optimization models according to disclosed aspects and
methodologies will now be discussed.

Ship Scheduling Model

A typical LNG project includes an LNG production or
liquetaction terminal that supplies LNG to multiple regas-
ification terminals using a fleet of ships. As part of an annual
planning process, an Annual Delivery Plan (ADP) that
specifies the LNG delivery schedule for the forthcoming
planning year 1s typically developed and agreed upon by the
supplier and the various customers. In addition, an updated
90 day delivery schedule (that accounts for deviations 1n the
existing business conditions from the forecasts used during
the ADP development) 1s typically provided by the LNG
producer to 1ts customers on a monthly basis through the
year.

According to an aspect of the disclosed methodologies
and techniques, a system 1s provided that enables develop-
ment of optimal delivery schedules for the annual and 90 day
planning process. Further, this system can be used for
schedules for any other scheduling time horizon. Specifi-
cally, the system enables optimization of ship schedules,
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terminal 1nventory management, LNG production sched-
ules, and maintenance schedules while accounting {for
tradeolls related to various options in available shipping,
customer requirements, price uncertainty, contract flexibil-
ity, market conditions, and the like. The system may provide
the ability to optimize these decisions from several perspec-
tives including minimizing costs, satisfying contractual obli-
gations, maximizing throughput, maximizing profit, and the
like.

The system includes a suite of optimization models that
aim to achieve the above objectives, interfaced with a
collection of solution algorithms tailored to solve these
models. An implementation of the system includes imple-
mentations of the above models and algorithms, mput and
output databases, and a graphical user interface. These
optimization models are used not only for planning opera-
tions and delivery schedules for individual projects, but also
serve as a tool for operations planning at the LNG portiolio
level, for optionality valuation, contract design and strategic
decision-making related to new business development. Hav-
ing a unified suite of optimization models that 1s used 1n
analysis for all levels of decision-making (strategic, tactical
and operational) enables profit maximization for an overall
LNG business.

Specifically, the optimization model or models encapsu-
lates detailed sub-models for all relevant elements of the
LNG supply chain, such as liquefaction terminal and regas-
ification terminal constraints, shipping specific constraints,
contractual obligations and flexibilities, market constraints,
customer requests, and the like. The disclosed system devel-
ops an optimized shipping schedule based on evaluating the
trade-olls simultaneously across all of these constraints. In
addition, the disclosed system accounts for the eflect of
various types ol uncertainty (e.g., mter-port travel time,
weather conditions, market conditions) in developing the
ship schedule. The disclosed system may also assist in
cvaluating the effect of these uncertainties on the LNG ship
schedule. Further, the disclosed system may enable devel-
opment and re-evaluation of optimized ship schedules at
various stages of LNG planning process, including (a) at the
annual delivery plan development stage and the associated
negotiation process; (b) at the 90 day planning process and
the associated negotiation process; and/or (¢) at the monthly
or shorter term analysis level as more real-time information
1s obtained. The disclosed system also enables re-optimizing
the model at each of the above stages to account for updated
information regarding market conditions, customer requests,
and other updates while trying to generate a schedule that
does not overly depart from the existing schedule.

FIG. 4 15 a block diagram of how a ship scheduling model
400 may be implemented by an optimization system such as
optimization system 200 according to aspects of disclosed
methodologies and techniques. A ship scheduling model 400
uses a plurality of inputs that may be categorized as cus-
tomer requests 402, production data at one or more lique-
faction terminals 404, customer terminals 406, optionality
408, market conditions 410, contracts 412, shipping 414,
uncertainty 416, and objectives 418. Customer requests 402
may include mput data relating to one or more of: creating
or moditying time windows during which deliveries are
requested; and requested cargo sizes for specific deliveries.
Production data 404 may include data relating one or more
of: the types or grades of LNG produced and their heat
content; production rates of one or more types or grades of
LNG; maintenance schedules and associated flexibility 1n
scheduling the maintenance; the number of berths available
for loading; and storage capacity for each type or grade of
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LNG. Customer terminals 406 may include input data relat-
ing to one or more of: storage capacities for each type or
grade of LNG; the number of berths available for unloading;
regasification rate schedules; and distances from each lig-
uefaction terminal. Optionality 408 may include mput data
relating to one or more of: outchartering opportumties and
corresponding prices; inchartering opportunities and corre-
sponding prices; backhaul opportunities and corresponding
prices; spot cargo delivery opportunities and corresponding,
prices; and spot ship availability and corresponding prices.
Market conditions 410 may include input data relating to
one or more of: the outlook for imndex prices to be used 1n
pricing formula; the outlook for future market opportunities
such as spot sales; and futures and forward contract prices.
Contracts 412 may include input data relating to one or more
of: terminals where LNG can be delivered; annual delivery
targets for each customer terminal; ratability of delivery,
which 1s the timing and spacing of delivery of portions of an
agreed-upon amount of LNG; gas quality, type, or grade to
be delivered; pricing formulas; diversion flexibility; and
other types of flexibility Such as downflex (an option
whereby the buyer may request a decreased quantity of
LNG). Contracts 412 may also include input data relating to
the length of contract to which one or more LNG customers
are bound. For example, an LNG customer may be bound by
a long-term contract, such as a Sales and Purchase Agree-
ment or a Production Sharing Contract. Shipping 414 may
include mput data relating to one or more of: a list of leased
DES (delivered ex ship), CIF (cost, mnsurance and freight),

CFR (cost and freight) and available spot ships; a list of FOB
(freight on board) ships for each customer, said ships typi-
cally being owned or leased by the customer; ship capaci-
ties; restrictions on what ship can load/unload at what
terminal; maintenance schedules for ships; cost structures
for ships; boil-ofl and heel calculations for each ship,
including an optimal heel amount upon discharge at a
regasification terminal; and ship speed and associated cost
profile. Uncertainty scenarios 416 may include mput data
relating to the uncertainties aflecting one or more of:
weather conditions on travel routes; shipping operations
such as breakdowns; market opportunities such as future
spot sales opportunities; and future LNG prices or fuel
prices. Objectives 418 may include user-defined model
objectives such as maximizing LNG throughput, minimizing
costs, maximum profits, optimizing optionality, and/or
maximizing robustness i face of uncertainty related to
weather conditions, travel times, or market conditions. Such
examples of mput data are examples only and are not
exhaustive. Block 420 schematically represents the system
that builds an optimized ship schedule that accounts for the
inputs and constraints represented by blocks 402-418. The
results of system 420 are output at block 422. The outputs of
the system may be used not only for ship scheduling, but
also for mnventory management, optionality utilization, and/
or maintenance schedules.

The ship scheduling model may be used 1n various ways
during project-specific operations planning, such as: to
develop an mitial ADP; during an ADP negotiation process;
to evaluate the eflect of customer requests for modifying the
mitial ADP; to develop an imtial 90 day delivery plan;
during a 90 day delivery plan negotiation process; and/or to
evaluate the eflect of customer requests for modifying the
initial 90 day delivery plan. Further, 1t may be used in a
similar many for other scheduling time horizons other than
annual and 90 days. The ship schedule optimizer may be
integrated with maintenance and production planning, as
well as looking at maximizing profits by utilizing tlexibility

10

15

20

25

30

35

40

45

50

55

60

65

12

within contracts. For example, the ship schedule may be
optimized simultaneously with any of the following: LNG
inventory levels at one or more LNG liquefaction terminals;
LNG inventory levels at one or more LNG regasification
terminal; fuel selection for at least one voyage; ship speed
for at least one voyage; a maritime route for at least one
voyage; berth assignment at any of the LNG liquefaction
terminals and/or LNG regasification terminals; ship main-
tenance schedules; and LNG liquefaction or production
schedules. Further, aspects disclosed herein may be used for
developing delivery plans for an individual LNG producer to
one or more customers, or for a company that owns equity
gas 1 one or more LNG liquefaction terminals and delivers
LNG to one or more customers. Disclosed aspects may also
be used to evaluate the performance of an optimized sched-
ule under various future scenarios associated with uncer-
tainties 1dentified herein.

From the LNG portiolio perspective, ship scheduling
models can be used for some interesting analytical explo-
rations. For example, one may address the question of
whether the slack capacity in one’s global shipping fleet 1s
suflicient to deliver spot LNG cargos or to create a new
market 1n some region. Determining the feasibility of long-
term out-chartering of ships without affecting other obliga-
tions may also be explored. The ship scheduling models may
be used to consider whether entering 1nto a long-term swap
contract would affect costs and the ability to satisiy con-
tractual obligations.

The valuation and val

idation of contract flexibility in
individual projects or an LNG portiolio are possible with a
ship scheduling model. In these cases, valuing diversion
flexibility given a limited shipping capacity may be consid-
ered. Several types of scenarios such as ship out-chartering,
spot cargo delivery or backhauls may be explored by ana-
lyzing the eflects on shipping and whether contractual
obligations can be met.

The set of individual ship scheduling models are based on
a foundational shipping optimization model. Appropriate
constraints and specifications are layered onto this model for
conducting various analyses that are specific to the use case
at hand. The core optimization model provides the ability to
model a supply chain that includes multiple LNG liquetac-
tion terminals, multiple customers with long and short-term
purchase contracts, and spot LNG markets/buyers. The
supply chain also has the capability to include multiple fleets
ol heterogeneous time-chartered ships together with oppor-
tunities to 1n-charter or out-charter ships. The model also
provides functionality to model contractual flexibilities and
market opportunities such as opportunities to divert cargo or
backhaul third party cargo on a return voyage. The model
develops a ship schedule that optimizes economic criteria
such as profitability or other operational metrics such as
schedule robustness while ensuring contractual obligations
are satisfied. Detailed operational constraints related to
liquetaction terminals and shipping, contractual obligations
and market conditions are included 1n the model.

Variants of the foundational model address 1ssues and
goals related to the individual modes of use described
carlier. For example, the generation of the ADP may require
specialized features to ensure that the ship schedule devel-
oped by the model 1s robust enough to overcome unplanned
disruption events. In 90-day schedule generation, optimizing
economic criteria listed above may be sought as well as
maintaining an operational schedule that closely follows the
original schedule laid out 1n the ADP.

The mmput for contracts 412 may consider the possibility
of multiple operating entities or owners mvolved 1 a
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liquetaction project, and each operating entity or owner may
have a joint-venture agreement or other arrangement with
the natural gas producer (e.g., national o1l company or
government) including fiscal agreements that cover royalties
and taxes. Another type of contract covered by contracts 412
arise¢ 1n liquefaction projects with shared facilities and
infrastructure (such as storage facilities, loading facilities,
and ships), in which there exist facility sharing agreements
and fleet sharing agreements between the different produc-
tion entities (e.g., joint-ventures). These agreements may
include terms outlining volume storage entitlements, lifting
entitlements and cost-sharing terms among others. Further,
sales and deliveries typically are negotiated between a
production entity and a buying entity, such as a joint venture
and a customer. These contracts can be long-term or short-
term and include SPAs (Gas Sales and Purchase Agree-
ments) and PSCs (Production Sharing Contracts). These
agreements typically include terms related to annual vol-
umes, ratable delivery requirements, ships required for
transport, price and penalties. In any of these multiple
entity—type contracts or agreements, 1t 1s possible that
various parties are operating under different fiscal condi-
tions. For example, two companies may be working with a
national o1l company on a liquetaction project under differ-
ent joint venture agreements. For various reasons those joint
venture agreements may have diflerent terms governing the
above types of subjects. These different terms, including
uncertainty of unknown terms, may be factored into the ship
scheduling optimization model as disclosed herein.

LNG Ship Scheduling Example

A ship scheduling optimization model can assist 1n cap-
turing additional monetary value. Specifically, value can be
captured through better utilization of assets such that new
market opportunities are exploited while existing LNG
delivery commitments are also met. The following example,
depicted 1n the output display 500 of a ship scheduling
model 1n FIG. 3§, illustrates an aspect of the disclosed
methodologies and techniques.

As part of a sales contract, an LNG producer 1s commuitted
to deliver 0.5 Million Tonnes (MT) of LNG from production
or liquefaction site 502 to a customer 504 over a 90 day
horizon at a sales price of $4/MMBTU. The contract pro-
vides six cargo delivery opportunities. The producer’s trans-
fer price 1s $2/MMBTU. Three chartered LNG transport
ships are available for delivery. The contract allows for 50%
of the volume to be divertible. The diverted volume can be
sold to a spot buyer 506. In addition, a third party producer
508 needs shipping capacity to ship 2 cargoes from their
LNG production or liquefaction site to their customers 510
and 512, respectively. The ship hire rate is $80,000 per day.
There are four cargoes available in the Far East, with a sales
price of $5/MMBTU. The ship schedule optimization model
can be used by the LNG producer to develop a 90-day
shipping schedule that maximizes profitability for the pro-
ducer while exploiting market options and satisfying con-
tractual obligations.

Types of data to be used in this example include the
following: liquefaction terminal data, including production
schedule, production seasonality, terminal storage, number
of loading berths, and the transier price for LNG; shipping,
including ship loading capacities, boil-ofl rates, capital
costs, operation costs, voyage insurance costs, port visit
costs, fuel price, fuel consumption rate during voyage and at
port, and duration of loading and unloading; contractual
customer data, including contracted demand, sales price,
time windows in which cargoes can be delivered, and
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divertible volume and diversion penalties; and backhaul,
including time windows 1n which cargoes can be picked up
for delivery, and hire rate.

A mixed iteger linear programming model and solution
algorithm 1s used to optimize the ship schedule. Alterna-
tively, other mathematical programming, constraint pro-
gramming, dynamic programming, approximate dynamic
programming, or other discrete optimization methods can be
used to optimize the ship schedule. The model develops a
schedule with a 1 day time discretization. For the case
presented, the model has approximately 1800 binary vari-
ables which leads to a worst-case scenario of 2'*%° discrete
choices. In this model, 1t 1s assumed that the ship owner pays
for travel to the loading port of backhaul and that the third
party producer pays daily hire rate times round trip travel
time, insurance, port visit costs, and fuel for the backhaul
loaded journey. FIG. 6 shows the ship schedule 600 that
maximizes the LNG producer’s profitability. Three cargoes
602, 604, 606 (two by Ship 1 and one by Ship 2) are
delivered to the customer 504. In addition, two cargoes 608,
610 are diverted to the spot buyer 506. These are delivered
by Ships 2 and 3. Finally, while returning from delivering
cargo to 506, Ship 3 picks up cargoes 612, 614 from the third
party producer 308 and delivers them to customers 510 and
512, respectively.

FIG. 7 1s a graph 700 that compares total profit from
various shipping options. The baseline option 702, where
only contractual deliveries are considered, provides a profit
of $16.6 million. The option permitting diversions 704 in the
schedule leads to an incremental profit of $9.6 million above
the baseline case. Interestingly, the option for doing back-
hauls 706 1s not profitable when considered in the absence
of diversions. However, the option 708 that permits diver-
sions and backhauls leads to an additional $1.2 M 1in profit
beyond the enhanced profit of diversions in option 704.
Hence, in this case the value combining diversion and
backhaul options 1s greater that the sum of the individual
options. While this example considers a small fleet of ships
over a relatively short planning horizon, including option-
ality considerations can make optimization of ship schedules
extremely complex especially when asset size (e.g. number
of ships) or the planning horizon increases. This example
demonstrates that a ship schedule optimization model can
provide a consistent method for developing LNG delivery
schedules that not only satisiy contractual obligations and
account for operational constraints but also maximize proi-
itability by exploiting market opportunities and contractual
flexibility. The model benefits individual projects or project
portiolios. Further, as demonstrated by this example, the
model can be a powertul tool for valuing individual options
or complex baskets of options that rely on shipping capacity.

FIG. 8 1s a flowchart showing a method 800 of generating,
an optimized ship schedule and terminal mmventory profile
according to aspects and methodologies disclosed herein.
The ship schedule and terminal 1nventory profile 1s config-
ured to deliver LNG from one or more LNG liquetaction
terminals to one or more LNG regasification terminals using
a fleet of ships. According to method 800, at block 802 an
LNG supply chain 1s modeled using a plurality of optimi-
zation models. The LNG supply chain includes at least one
LNG liquefaction terminal, at least one LNG regasification
terminal, and a fleet of one or more ships. The fleet of ships
may 1include ships that are leased, owned, in-chartered,
and/or are available for spot LNG transport. The LNG
supply chain may also include at least one customer having
a purchase contract, which may be a long term contract. The
LNG supply chain may also include at least one spot LNG
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buyer. At block 804 a plurality of inputs relevant to the LNG
supply chain are accepted and input into the optimization
models. The mputs are data, such as data regarding lique-
faction terminals, regasification terminals, contractual obli-
gations, spot market opportunities, optionality opportunities,
shipping fleet, and/or customer requests. The plurality of
inputs may include constraints, such as a heel amount upon
discharge at a regasification terminal. At block 806 one or
more solution algorithms are applied to the optimization
models. The solution algorithms may include aspects of
constraint programming, mathematical programming,
dynamic programming, approximate dynamic program-
ming, heuristic methods, genetic algorithms, evolutionary
algorithms, combinatorial algorithms, or any combination
thereof. At block 808 the plurality of optimization models
are run using the interfaced solution algorithms to create an
optimized ship schedule. The optimized ship schedule may
be a schedule for at least one ship that 1s owned or leased by
a customer or supplier. Optimizing the ship schedule may
include optimizing any optionality that 1s part of the LNG
supply chain. Uncertainty 1s accounted for in the optimized
ship schedule. The solution algorithms used to solve the
optimization models may be run using a processor 1n a
computer system. At block 810 the optimized ship schedule
1s output to an output device, such as a display having a
graphical user interface. Other aspects and methodologies as
disclosed herein may be included 1n method 800.

Price Model

As previously stated, optionality 1s the value of additional
optional 1nvestment opportunities available only after hav-
ing made an 1nitial mmvestment. LNG contracts contain
several potentially different options that can be exercised at
different times. For example, the LNG supplier may have the
right to divert some percentage of the contracted volume
away Irom the original destination market to another region
or customer. Thus it 1s helpiul to be able to value these
options and decide when to exercise them. According to
disclosed methodologies and techniques, optionality 1s val-
ued from two different perspectives: 1) the market perspec-
tive and 11) the mternal company perspective. Valuing an
option from the market perspective determines 1ts fair mar-
ket price, which can often be usetul in contract negotiations,
while valuing an option from the internal perspective deter-
mines the value of the option to the company. These two
option valuation frameworks are distinctly different. The
internal perspective, in juxtaposition to the market perspec-
tive, often takes into account the proprietary assets (physical
assets, fiscal terms etc.) of the company 1n question, which
may 1increase the value of any option relative to its fair
market price.

For both internal and market perspective analyses, a
model for future natural gas (and potentially crude oil as
well) spot prices 1s useful. From the market perspective,
deriving the forward curve for any commodity often requires
an underlying spot model (1n addition to a convenience yield
model). From the internal perspective, the odds of some
tuture spot price realizations can be useful, since a supplier
may be paid a price mndexed to the spot price of natural gas
or crude o1l at the time of the delivery of a cargo. An
objective of the disclosed methodologies and techniques
relating to price modeling 1s to develop a suite of tools to
model the probabilistic evolution of natural gas prices over
time. The suite of tools provides a set of probabilistic price
scenar1o generation for natural gas (and crude oi1l) using
historical information for natural gas and/or crude o1l spot
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and futures prices. This 1s not a point forecast of prices but
instead a method of providing the odds of certain future
price realizations.

The price modeling suite according to disclosed method-
ologies and techniques include the following:

Formulation of Stochastic Models: Natural gas and crude
spot prices are modeled using stochastic processes. There
are numerous models from which one can choose depending
on the desired market to be modeled.

Calibration of Models: To produce an accurate model of
the underlying physical phenomena, calibration methods to
tune parameters to historical data are useful. A variety of
different calibration techniques are provided for use with the
disclosed methodologies and techniques.

Solution of Models: Stochastic models are solved to
obtain generated price scenarios. The corresponding sto-
chastic differential equations can be analytically solved to
obtain probability distribution of generated price scenarios.
Alternatively, Monte Carlo simulation may be used to gen-

erate price scenarios.

Validation of Models: Models are validated against the
empirical data. The suite of tools according to disclosed
methodologies and techniques contains a variety of statisti-
cal tests to validate the models, such as the Chi square test
for goodness of fit.

Optionality Planning Model

According to disclosed methodologies and techniques, the
optionality planning model takes a long-term perspective 1n
identifving the possible benefits, value or advantages in
potential options and mvestments 1n part or all of the global
LNG market given the data necessary to describe the current
state of the network considered for analysis. The optionality
planning model may be used to determine alternatives
available to parties on either side of a negotiating table. One
interesting use 1s for project-by-project or portiolio analysis
in negotiation of flexibility and optionality in LNG routing.

The kinds of analytical questions addressed by the dis-
closed optionality planning model include: the value and
potential savings of negotiating an option such as a swap,
backhaul, or co-load with another party or multiple parties;
the potential values of the next best alternatives to oneself
and to other parties; and the sensitivity to uncertainty 1in
price or cost of service to these benefits, values or oppor-
tunities.

The optimization model may be solved for improved or
optimized profitability from one or multiple perspectives
such as oneself or another party. The optimization model can
ignore solutions and find next best alternatives (1.e. solving
for the K-best solutions). A solution to the optimization
model provides the value of an option from some party’s
perspective or may be used to calculate an objective from a
global perspective. Calculating the 1deal efliciency from a
global perspective may include allowing all possible option-
ality 1n the data set to represent the best interests from a
global perspective. Further, to incorporate uncertainty in the
data, the model may be posed 1n the form of a stochastic
programming model, a robust optimization model, or some
other model for optimization under uncertainty. The opti-
mization model may incorporate a network tlow model and
may use discrete variables to represent fixed penalties, costs
or mcentives on various options, batch cargo movements
(e.g. due to ship or cargo sizes), limits on options (e.g.
IF-THEN logic on option constraints). A single time period
snapshot or multi-period time horizon could be considered.

Various types of options or optionality are considered,
such as diversions, swaps, backhauls, ship outcharter, ship
incharter, co-loading of ships. Also considered are limits on
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potential opportunities or deals, such as the maximum
number among the same set of parties, the maximum num-
ber of parties per deal, maximum number of sets of parties
dealing, disallowed deals, and the like. The solution method
may 1nclude a sensitivity analysis to some particular data set
or it may include algorithms to solve an optimization under
uncertainty model to handle uncertainty analysis.

Data used as input includes the current state of “the
world”, 1.e. the assumed data for the parts of the global LNG
business to consider 1n the analysis. This could include one
or more of the following: the set of projects and parties to
consider, such as projects with and without a company’s
interest, competitors, etc.); the percent ownership of each
party 1n each LNG project; the fraction of the supply
committed at some location; projected production or lique-
faction rates of LNG at each terminal for each supplier; local
or regional pipeline natural gas supply and demand; ship-
ping capacity and constraints of each project based on
number, class, size, fuel type, speed range, etc. of ships,
whether the ships are dedicated or pooled, and whether the
ships are owned/long-term charter or spot/short-term char-
ter; contractual demand at each regas terminal for each
consumer required from each particular LNG supplier;
known and/or assumed fiscal terms for each LNG project’s
contract; sale price structure—ideally fitting some limited
functional format; tlexibility of the contracts with regard to
diversions and other options (ability to incharter or outchar-
ter ships, divert cargos, buy or sell to spot); time horizon to
consider; ship routes between all LNG terminals and regas
terminals, even 1f not currently used (distance); cost of
service estimates for each shipping route which may be
calculated based on factors such as ship class, size, fuel type
and distance; and price range projections for natural gas at
cach market locale (i.e. average annual spot prices) over the
time horizon (as well as fuel prices). Uncertainty 1n the data
may be represented 1n the form of scenarios, value ranges/
sets, or probability distribution functions. Uncertain data
may 1nclude natural gas prices, shipping cost of service, fuel
cost, shipping capacity on particular routes, and the number,
s1ize and speed of ships traveling on a particular route.

The following example shows how the optionality plan-
ning model operates. The example model has some qualities
similar to set covering models. For the purposes of this
example, only swap options are considered, and only a
single snapshot 1n time 1s considered instead of multiple
time periods. An extension to a multi-period model should
be straightforward. It 1s also assumed there are no partial
loadings or partial discharges, and all travel 1s from an LNG
terminal to a regasification terminal or from a regasification
terminal to an LNG terminal. An intuitive path-based model
1s posed to 1llustrate some of the planning model ideas.

Consider a graph G(ILE) where I 1s the set of nodes
including LNG terminals (L) and regasification terminals
(R) and E 1s the set of directed arcs between nodes. Addi-
tional and artificial locations (U) may be added for removing,
ships from use. Flows 1n the model represent the movement
of ships. It can be thought of as the assignment of shipping
capacity along arcs or paths of travel. The model 1s posed as
a “path-flow” formulation such that shipping capacity origi-
nates at some node, follows a path of directed arcs with no
repeated arcs, and ultimately returns to its point of origin to
complete a cycle. The amount of shipping capacity tlowing
through an LNG or regas terminal determines the amount of
LNG that 1s loaded or discharged on an annual basis.

Sets
L set of LNG terminals
R set of regasification terminals
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I set of all nodes 1n the network, I=LLUR
E set of directed arcs
P set of all cycles in the network
P, set of all cycles oniginating at node 1
P* set of all cycles with an arc leaving some node 1EL
P~ set of all cycles with an arc entering some node i€ER
F. set of all shipping fleets originating at node 1
Indices
1 nodes
p cycles
i fleets
Parameters
C,, objective target metric (e.g. shipping costs) for fleet f on
cycle p
N,number of ships in fleet 1
S size/capacity of ships in fleet t
D, distance (in travel days) on cycle p for ships of class
B,*” minimum LNG to load or deliver at location i
B,“” maximum LNG to load or deliver at location i
Variables
X, amount of shipping from fleet t assigned to cycle p
7, binary variable equals 1 1f any shipping from fleet 1 is
assigned to cycle p
Constraints
Equation 1 1s a constraint that ensures that the total
shipping capacity of some fleet available at some node of
origin 1s conserved and assigned across cycles. Ships origi-
nating at LNG terminals are considered freight-on-board
(FOB) and ships originating at regasification terminals are
considered deliver ex-ship (DES). An mequality or a slack
could be added to allow for less than all of the shipping
capacity to be used. Further, the constraint may be adjusted
to allow for in-charter and out-charter of shipping capacity
from one node to another to add an extra level of complexity.

Zxﬁ=NfovaI,fEFj (Equati-.::n l)

peP;

Equations 2 and 3 are constraints that ensure contractual
and other requirements for LNG supply and demand at
various nodes are met by the shipping capacity assigned to
cycles passing through the node. The value 365 1s used to
represent the number of days 1n a year. The number of cycles
per year 1s estimated by dividing 365 by the travel distance
for a shipping fleet on a cycle. This estimate may be adjusted
by some assumption of shipping efliciency.

365 (Equations 2, 3)
LB E : E : UB\y ;
Bi = (D_ﬁ}]xﬁEBi VIEL

feF; PEPI-L
365
BE < ) ) (D—]xfp <BY®YieR
feF; pEPfE‘ ip

Equation 4 1s a constraint containing a binary variable 7,
that 1s forced to 1 1f any shipping capacity from fleet 1 1s
assigned to cycle p. This constraint need not be applied for
all fleets and all cycles 1 order to reduce the size of problem
instance. The binary variable 1s useful for adding side
constraints but may be omitted 1f side constraints are not
used. Examples of side constraints may include a maximum
number of options considered among the same set of parties,
or a maximum number of parties per deal (e.g. 2).

X.<NS 7z, ViCl, fCF,, pEP;

(Equation 4)
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Equation 5 1s a constraint that assures non-negativity and
bounds the shipping capacity vanable.

O=x,=N=SVi€], {CF,, pEP, (Equation 35)

Equation 6 1s an objective function that minimizes the
total transportation costs for the entire system considered.

minz Z Z CpXp (Equation 6)

icl fek; peh;

As mentioned above, many other side constraints may be
added to such a model. The model as described could be
used to find the lowest global general interest efliciency in
LNG shipping considering swaps only. Without the
“optional” binary variables, this 1s a linear programming
(LP) formulation.

Discussion

Depending on the number of nodes in the network, the
number of cycles 1n a problem 1nstance may become large.
The common practice of direct point-to-point shipping
would only consider cycles of length 2 between pairs of
LNG and regasification terminals. To consider more com-
plex options, one may consider longer cycles, however for
practical purposes there 1s probably a limit to cycle lengths
to no more than 6 or so arcs, and the length (in days) also
probably has some practical limit below the theoretical
maximum of 365 days.

Table 1 shows some basic calculations for the maximum
number of potential cycles that originate at an LNG termi-
nal, 1.e.

UP;‘.

1=l

TABLE 1

L*R

L*R*(L-1) *R

L* R * (L-1) * [R * (L-2) * R +
(R-1) * (L-1) * (R-1)]

Cycles of length 2
Cycles of length 4
Cycles of length 6

Analogous relations can be developed for the number of
cycles originating at regasification terminals. This formula-
tion 1s meant as an illustrative model that incorporates some
but not all of the practical considerations that should be
included in a detailed long-term planning application. This
example model does not consider the diflerence between
regasification rates at terminals and market demand. There
are also many complexities that could be added for the
purposes of the objective function related to prices, costs and
investments. The following section provides a detailed list of
specifications that may need to ultimately be included 1n the
planning model.

FIG. 9 depicts a method 900 that implements the option-
ality planning model. Specifically, method 900 develops a
long-term strategy for allocating an LNG supply while
adhering to limitations of available shipping capacity. At
block 902 an LNG market 1s modeled using one or more
optimization models. The optimization models may be a
stochastic programming model, a stochastic dynamic pro-
gram, a robust optimization model, a mixed integer linear
programming model, a dynamic programming model, an
approximate dynamic programming model, a constraint
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programming model, or any combination thereof. The LNG
market includes at least LNG buyer, at least one LNG seller,
and at least one means of transporting LNG, such as a ship
or ships. The LNG market may also include an LNG
terminal. At block 904 a plurality of mputs relevant to the
LNG market are accepted. The mputs may include: projects
and parties to consider; percent ownership of each party 1n
cach project; the fraction of the supply committed at a
location; projected production or liquefaction rates at each
LNG terminal for each supplier; local and regional gas
supply and demand; shipping capacity constraints; con-
straints of each project based on number, class, size, fuel
type, and speed range of ships; whether ships are dedicated
or pooled; whether ships are owned, long-term chartered,
spot, or short-term chartered; markets for LNG ship out-
chartering; markets for LNG ship inchartering; contractual
demand at each destination terminal for each consumer
required from each particular supplier; known and assumed
fiscal terms for each project’s contract; sale price structure;
flexibility of the contracts with regard to options such as the
ability to incharter or outcharter ships, divert cargos, or buy
or sell to spot markets; time horizon; ship routes between all
supply and destination terminals; cost of service estimates
for each shipping route; types or grades of available LNG;
and/or LNG price range projections at each market locale
over a time horizon.

At block 906 one or more solution algorithms are applied
to the optimization models. At block 908 the optimization
models are run, using the iterfaced solution algorithms, to
identily potential options 1n the LNG market. The identified
potential options may include limits on potential deals, such
as the maximum number of parties on one side of a deal, the
maximum number of parties per deal, the maximum number
of sets of parties dealing, and/or disallowed deals. Identify-
ing potential options may include a sensitivity analysis to a
data set. Uncertainty 1s accounted for in the identified
potential options. Uncertainty in the mputs may be repre-
sented 1n scenarios, value ranges, value sets, and/or prob-
ability distribution functions. Uncertainty in the mputs may
also include natural gas prices, shipping cost of service, fuel
cost, shipping capacity on particular routes, the number, size
and speed of ships traveling on a particular route, and/or
market supply and demand scenarios. At block 910 the
identified potential options are outputted. This may be
accomplished using a storage device and/or a display having
a graphical user interface. Other aspects and methodologies
may be included in method 900 as disclosed herein.

LNG Shipping Simulation Model

LNG producers face large scale logistics problems. They
need to consider the entire supply chain including produc-
tion, storage, loading of cargo, transport and unloading of
cargo together over time 1n order to maximize throughput
and value where performing even a single extra shipment
can result 1n revenues 1n the tens of millions of dollars. It 1s
not enough to manage each component of the supply chain
well. A holistic view of the supply chain 1s desired to
maximize value. These types of problems mvolve decisions
that have complex interactions (especially through time) and
evaluating trade-ofls can be diflicult without some type of
decision support system.

Simulation 1s the imitation of a real-world system over
time. Simulation and optimization are both quantitative
methods for analyzing complex systems. However, simula-
tion and optimization take a Ifundamentally different
approach. An optimization model intelligently searches for
best choices while simulations imitate behavior pro-
grammed 1nto the system.
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There are several benefits to using a simulation model to
study a complex real-world system. Simulation 1s extremely
versatile 1n what can be modeled, and as such, users are able
to mnclude many details that must be abstracted away to
formulate a useable optimization model. Simulation models
for complex (logistics) systems also tend to be easier to
implement and faster to solve than optimization models
describing the same system. Simulation models also natu-
rally incorporate uncertainty of data and parameters in the
model, whereas incorporating uncertainty in optimization
models adds an extra layer of modeling and algorithmic
complexity. Potential solutions to optimization models can
be stress-tested to validate whether the solution 1s robust for
deployment. Simulation models are easy to explain to
people. A well-designed graphical user interface (GUI) can
help 1dentity subtle interactions between decisions over
time. Manual scenario exploration (asking and evaluating
what-1fs) and sensitivity analysis makes sense to most users.
The incremental construction of a final solution provides a
natural framework for building a story that explains the
solution.

Despite these advantages, simulation has 1ts challenges.
Simulations imitate behavior programmed nto a system.
There are several modeling obstacles encountered 1n simu-
lations. One obstacle 1s choosing the correct level of abstrac-
tion. Various stakeholders exhibit a form of cognitive
anchoring, where every operational detail 1s considered 1n
theirr small part of the supply chain to be vital. Often this
leads to unnecessary complexity i the model. It 1s desirable
to ensure the model 1s detailed enough to be accurate but
simple enough to understand and validate. Another chal-
lenge 1s that traditional simulation models tend to be reactive
and local with respect to their decision-making whereas
optimization models work with a holistic/global view of
decision-making over time. Although a user can explore the
cllects of moditying decisions in a stmulation, the user 1s not
able to evaluate all potential decisions and choose the best
course ol action—which 1s precisely what an optimization
system does. It 1s not uncommon for the output of an
optimization model to be unintuitive at first glance. This 1s
because an optimization system 1s able to fully leverage
complex interactions between decisions that a manual analy-
s1s would be less likely to 1dentify.

There 1s a subtlety with the outputs of simulation systems
that 1s often glossed over: the outputs of a simulation are
random variables and not values. This 1s analogous to the
difference between the 1dea of price scenario generation and
“point” forecasting, 1.¢., distributions and point estimates.
Thus, when studying the interaction between variables 1n a
simulation, one should understand the interactions between
the distributions of the various outputs. This can sometimes
be challenging especially in complex systems.

According to disclosed methodologies and techniques,
shipping simulation 1s used mainly for validation of pro-
posed designs, operating schedules and optionality valua-
tions. Simulation provides more detailed modeling of the
supply chain at a finer time granularity than an optimization
model, which 1n turn evaluates whether a proposed optimal
solution 1s indeed operational and accurate. Local and global
performance of designs and schedules may be analyzed
under many realizations of the uncertainties i the supply
chain. This may be especially useful 1n those cases where an
optimization model accounts for uncertainty i a limited
manner. Another use for simulation may be to analyze the
value of unexpected and short-lived opportunities where
running a full optimization would be too time-consuming.,
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Other uses of simulation may be 1n a hybrid simulation-
optimization model for design or operations planning
Another use of simulation may be 1 providing advanced
decision making capabilities (e.g., using mixed-integer pro-
gramming, dynamic programming, etc.) to the simulation
modules responsible for scheduling, planning maintenance
and reacting to disruptions. In other words, optimization
would be embedded within simulation. Alternatively, a
simulator may be used as a component of optimization
algorithms that consider uncertainty, e.g., stochastic or
approximate dynamic programming.

The shipping simulator includes a simulation model, a
simulation engine and a user interface to facilitate the
construction, modification and interpretation of the simula-
tion. The simulation model itself includes several decision-
making modules to capture the behavior of the various
actors 1n the supply chain. The modules may include: the
operation of various ships and fleets, including determining
ship speed, cost-of-service, Tuel-mode operation, and main-
tenance; port operations including production, consumption
and storage elements, scheduled and unscheduled mainte-
nance, berth scheduling, and loading/unloading operations;
a module for scheduling ships dealing with disruptions and
price fluctuations, including the option of using sophisti-
cated algorithms based on linear or mixed-integer program-
ming, approximate dynamic programming or stochastic pro-
gramming; a pricing module for each market with the ability
to use diflerent stochastic models for price evolution, e.g.,
“fundamentals™ models or multi-factor mean-reverting mod-
¢ls using historic or implied volatilities. Input to the model
would include the current state of “the world”, which are the
parts ol the global LNG business relevant for the simulation.
Uncertainty 1n the data may be represented 1n the form of
scenarios, value ranges/sets, and/or probability distribution
functions. Uncertain data may include natural gas prices,
shipping cost of service, fuel costs, travel and weather
conditions, shipping tratlic, availability of spot ships and
contracts, unplanned maintenance and other disruptions,
changes to rates of production and consumption, and the
like. The user interface 1s used to enter/load input data into
the simulation system from various sources including a
spreadsheet, database, or manually entered data. The user
interface provides various reports to evaluate the model
along several dimensions and provides functionality to
modily and compare scenarios, including manual and
guided sensitivity analyses.

FIG. 10 1s a flowchart showing a method 1000 of LNG
shipping simulation according to disclosed aspects and
methodologies. At block 1002 an LNG supply chain with a
plurality of decision-making modules 1s modeled. The deci-
sion-making modules capture behavior of various elements
of an LNG supply chain, which may include one or more
LNG customers bound by a long term contract, at least one
spot LNG buyer, a fleet of ships where at least one of the
ships 1s leased, owned, in-chartered, and/or available for
transport of a spot LNG cargo. The decision-making mod-
ules are configured to capture behavior over a time period
ranging from 30 days to 800 days. The decision-making
modules may include: a module representing operation of
various ships and fleets, including determining ship speed,
cost of service, fuel-mode operation, and ship maintenance;
a module representing port operations, including production,
consumption and storage elements, scheduled and unsched-
uled maintenance, berth scheduling, and loading/unloading
operations; a module representing ship scheduling, includ-
ing dealing with disruptions, price fluctuations and variation
in market conditions such as appearance or disappearance of
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LNG sales or purchase opportunities, or appearance or
disappearance of ship out-chartering and in-chartering
opportunities (this module may include an option to use
algorithms based on linear or mixed-integer programming,
constraint programming, approximate dynamic programs-
ming, and/or stochastic programming); and/or a module
representing pricing for each market. At block 1004 data
representing a current state of at least part of the LNG supply
chain 1s entered into a computer-based simulation system.
The data may include natural gas prices, shipping cost of
service, Tuel costs, travel and weather conditions, shipping
traflic, availability of spot ships and contracts, unplanned
maintenance, shipping disruptions, changes to a rate of
natural gas production, types or grades of available LNG,
changes to rates of natural gas consumption, production and
delivery of multiple grades of LNG, and ratability require-
ments for at least one contract. Data may also include
constraints such as: a constraint that a ship in the fleet of
ships 1s fully loaded at a liquefaction terminal in the LNG
supply chain; a constraint that a ship 1n the fleet of ships 1s
tully discharged at a regasification terminal 1n the LNG
supply chain; a constraint that a ship in the fleet of ships 1s
only partially loaded at a liquefaction terminal in the LNG
supply chain; a constraint that a ship in the fleet of ships 1s
only partially unloaded at a regasification terminal in the
LNG supply chain; and a constraint that specifies an optimal
heel amount upon discharge at a regasification terminal in
the LNG supply chain. At block 1006 optimization tech-
niques are employed with the decision-making modules to
prescribe operations decisions for scheduling LNG shipping.
The optimization techniques may include linear programs-
ming, mixed-integer programming, dynamic programming,
constraint programming, and/or approximate dynamic pro-

gramming. At block 1008 a simulation of an LNG supply
chain 1s run using the decision-making modules, the data,
and the optimization techniques, to understand the behavior
of the LNG supply chain under uncertainty. The simulation
of the LNG shipping schedule may also be run to determine
an optimal or near-optimal LNG shipping schedule. An
initial ship schedule may be used as a starting point for the
simulation. Optionality in the supply chain may be opti-
mized as described herein when the supply chain 1s opti-
mized. The objective of each decision-making module may
be one or more or the following: minimizing costs, maxi-
mizing profitability, satistying contractual obligations,
maximizing performance robustness, and minimizing devia-
tion from another shipping schedule. At block 1010 an
output of the simulation 1s sent to an output device, such as
a storage device and/or a display having a graphical user
interface. The output provides an understanding of the
behavior of the LNG supply chain under uncertainty, and
may include the average behavior of the LNG supply chain
when controlled by the decision-making modules. The
graphical user interface may be used to control mputs and
scenarios relating to the LNG supply chain. Alternatively,
the output may include an LNG shipping schedule. The
shipping schedule may be an LNG shipping schedule for at
least one ship owned or leased by an LNG supplier or
customer.

LNG may be delivered based on the outputted LNG
shipping schedule. Other aspects and methodologies may be
included 1n method 1000 as disclosed heremn. For example,
the LNG operations decisions may be optimized simultane-
ously with one or more of the following: LNG inventory
levels at a LNG liquefaction terminal in the LNG supply
chain; LNG inventory levels at a LNG regasification termi-
nal 1n the LNG supply chain; fuel selection for at least one
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voyage; a ship speed for at least one voyage; a maritime
route for at least one voyage; berth assignment at a lique-
faction or regasification terminal 1n the LNG supply chain;
a ship maintenance schedule; and an LNG liquefaction
schedule. As another example, a plurality of operating
entities may operate at a liquefaction terminal 1n the LNG
supply chain. The multiple operating entities may share
infrastructure or may be bound by diflerent fiscal rules. The
LNG supply chain may be evaluated over one or more future
scenarios.

Supply Chain Design Model

In current practice, known tools are combined to deter-
mine the “best case” and typical schedules possible under
vartous LNG supply chain design scenarios as part of a
planning process for new LNG projects. The model for LNG
supply chain design according to disclosed methodologies
and techniques greatly enhances the analytical capabilities
possible with the current applications and work process, and
further allow new analyses to be performed that would be
very diflicult otherwise.

An aspect of the supply chain design model 1s a decision
support optimization application for LNG supply chain
design 1n which the uncertainty in the system data 1s taken
into account in the model as iput data. The number, size and
design of ships, terminal berths, and storage facilities, and
any other design decisions are treated as optimization vari-
ables rather than fixed mput data. Additional design and
operations 1deas may be implemented within such a system
including moving storage of LNG on ships with excess
capacity, partial loads and discharges, and the like. The
disclosed methodologies and techniques may also be used to
design projects to be mtegrated within a wider portfolio of
LNG projects while considering the associated tradeoils and
benelits. The optimization model may look at a single time
period snapshot or multi-period time development horizon.
A solution to the optimization model may give a complete
LNG supply chain design. The target advantages of the
supply chain design model are to improve reductions of
capital costs due to increased exploration of design sce-
narios. The integration of uncertainty within the optimiza-
tion model also enables 1t to produces robust designs that can
lead to more profitable performance under eflicient opera-
tional conditions.

The supply chain design model has a base capability to
determine the optimal cost-based design considering the
expected cost. Further, it may be used to determine the
optimal profit-based design considering the expected costs
and revenues. The model allows the evaluation of the
tradeolils between a robust schedule and a design for the
determination of which designs are appropriate under dii-
terent assumptions of shup utilization, operational efliciency,
etc. The design eflects of unconventional operations such as
floating storage and partial discharges may also be explored.
From a portiolio perspective, the supply chain design model
may be used as an integrated optimization tool for the design
of robust LNG supply chains for future LNG markets where
fleets of ships service a portiolio of LNG projects.

Data used as mput for the analysis of the LNG project
supply chain design include a wide variety of information
regarding the planned production rates, ship design options,
contractual requirements and fiscal terms, contract flexibil-
ity, ship routing data, as well as price and cost projections.
Uncertainties in the data may include the capital and oper-
ating costs, disruptions and delays for ships, berths and
terminals, maintenance and repairs, and short-to-long term
opportunities and options.
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Many optimization under uncertainty techniques require
solving a sub-problem (in this case the schedule optimiza-
tion problem) and simulating a forward problem many times
under diflerent scenarios as part of a decomposition-based
solution approach. The disclosed methodologies and tech-
niques relating to the supply chain design model may have
a technical dependency on the ship scheduling model and
may require the LNG shipping simulation model to be
integrated therein.

FIG. 11 1s a method 1100 for generating a LNG supply
chain design. At block 1102 an LNG supply chain 1is
modeled using one or more optimization models. The LNG
supply chain may include a fleet of ships, at least one LNG
regasification terminal, at least one LNG liquefaction ter-
minal, multiple customers having purchase contracts of
varying terms, and at least one LNG storage facility. The
optimization models may be based on constraint program-
ming, mathematical programming, dynamic programming,
approximate dynamic programming, stochastic program-
ming, and/or robust optimization. At block 1104 a plurality
of mputs relevant to the modeled LNG supply chain are
input mto the optimization models. The 1inputs may 1nclude
data regarding planned production rates, ship design options,
contractual requirements, fiscal terms, contract flexibility,
ship routing data, price projections, and/or cost projections.
At block 1106 one or more solution algorithms are applied
to the optimization models. The solution algorithms may
include commercial solvers, heuristics, and/or exact solution
methods. At block 1108 the optimization models are solved
using the interfaced solution algorithms to create an opti-
mized supply chain design. Uncertainty 1n the supply chain
model 1s accounted for as mput data. The uncertain input
data can take the form of delays 1n travel time for ships,
unavailability of terminals, tanks, ships or berths, reductions
in storage capacity, etc. The uncertainty of data can be
represented through probability distribution functions,
ranges ol values or discrete sets of values and multiple
scenar10s. The size, number, and design of the at least one
ship, at least one terminal berth, and at least one storage
tacility, and the specifications of other design decisions are
treated as variables 1n the plurality of optimization models.
At block 1110 the optimized supply chain design 1s output-
ted. Based on the outputted supply chain design, a supply
chain may be developed and LNG may be delivered.

Other aspects and methodologies may be included in
method 1100 as disclosed herein. For example, a ship
scheduling model and/or a shipping simulation model may
be integrated with the supply chain design. The mput data
may include data regarding one or more of planned produc-
tion rates, ship design options, contractual requirements,
fiscal terms, contract flexibility, ship routing data, price
projections, and cost projections. Uncertainty in the input
data may include comprise data regarding one or more of
capital costs, operating costs, disruptions and delays for
ships, berths and terminals, maintenance and repairs, and
short-to-long term opportunities and options. Uncertainty
may be further accounted for by solving a subproblem and
simulating a forward problem many times under different
scenarios as part ol a decomposition-based solution
approach. The customers 1 the LNG supply chain may
include at least one LNG customer that 1s bound by a long
term contract, or may include at least one spot LNG buyer.
The fleet of ships includes a ship that 1s one of leased,
owned, in-chartered, and available for transport of a spot
LNG cargo. The mput data may iclude one or more of:
production and delivery of multiple grades of LNG; ratabil-
ity requirements for at least one contract; a constraint that a
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ship 1n the fleet of ships 1s fully loaded at one of the one or
more LNG liquefaction terminals; a constraint that a ship in
the fleet of ships 1s fully discharged at one of the one or more
LNG regasification terminals; a constraint that a ship 1n the
fleet of ships 1s only partially loaded at one of the one or
more LNG liquefaction terminals; and a constraint that a
ship 1n the fleet of ships 1s only partially unloaded at one of
the one or more LNG regasification terminals. The supply
chain design may be optimized simultaneously with one or
more of the following: LNG inventory levels at one of the
at least one LNG liquefaction terminals; LNG inventory
levels at one of the at least one LNG regasification terminals;
a maritime route for at least one voyage; berth assignment at
one of the at least one LNG liquetaction or LNG regasifi-
cation terminals; a ship maintenance schedule; and an LNG
liquetaction schedule. Multiple operating entities may oper-
ate at one of the one or more LNG liquefaction terminals.
The multiple operating entities may share infrastructure or
may be bound by different fiscal rules. The mput data may
include data regarding one or more of liquefaction terminals,
regasification terminals, contractual obligations, spot market
demand, shipping tleet, and customer requests, weather and
maritime transportation, market and contract prices. An
objective of the optimization may be to mimmize costs,
maximize profitability, satisfy contractual obligations, maxi-
mize performance robustness, exploit optionality, and/or
minimize deviation from another schedule. The optimized
supply chain design may be outputted to a display having a
graphical user mterface. The optimization models may per-
form optimization over a time period ranging from one to
thirty years. An 1nitial ship schedule 1s used as a starting
point for the supply chain design optimization. Performance
of an optimized supply chain design 1s evaluated over one or
more future scenarios.
Valuation and Validation Analyses

Using all of the above models, a wide array of opportu-
nities for advanced analysis 1s enabled. These analyses can
be categorized primarily as valuation of options and oppor-
tunities or validation of an analysis at higher levels of
fidelity. Several envisioned valuation and validation analy-
ses can be performed with the above described models. The
following non-exhaustive list of examples of valuation and
validation analyses include: (a) the valuation of short-term
options, or optionality, such as diversions, ship in-charter-
ing, ship out-chartering, backhaul opportunities, etc. from
the market perspective and internal perspective; (b) valida-
tion of long-term options and opportunities; (¢) validation of
shipping schedules; and (d) validation of supply chain
design profitability and operability. These examples are now
described in more detail.
Valuation of Short-Term Optionality from Market Perspec-
tive

The valuation of short-term (1.e., less than 90 days)
optionality from the “market perspective” involves using the
statistics of natural gas future spot prices and then deter-
mining the value of an option from the perspective of a risk
neutral market observer. This method involves the use of a
price model along with general estimates for revenues and
costs based on market data. In traditional quantitative
finance, a derivative contract (put, call, forward, etc.) 1s
valued from the market perspective through risk neutral
valuation. This gives the no-arbitrage value of the option,
that 1s, the value that should prevail in the market under the
perfect conditions that underlie a competitive model. For
example, the Black Scholes formula for European option
pricing assumes that the underlying asset’s price 1s modeled
by Geometric Browman Motion. Black and Scholes (1973)
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showed that any derivative whose payoll satisfies the
assumption must satisty a partial differential equation that
can be solved analytically. Similarly, models of forward
curves for natural gas have been suggested. These models
assume some underlying spot price model for natural gas
and some convenience vield model to represent the cost of
storage, carry, etc. Partial differential equations can be
derived from these models and can be solved analytically or
numerically to obtain forward curves.

The options embedded 1n typical LNG delivery contracts
are classified 1n quantitative finance as “exotic options.” It 1s
much more diflicult to value these options and closed-form
solutions thereof might not be obtained. Advanced compu-
tational solution techniques may be needed to solve the
underlying mathematical equations for these options.
Valuation of Short-Term Optionality from Internal Company
Perspective

The valuation of optionality from the “internal perspec-
tive” 1nvolves using the statistics of natural gas price sce-
nario generation in the future and determining the value of
an option considering internal operational complexities.
This method 1mvolves combining probability distribution of
prices from the price model and class-specific optimization
models such as ship scheduling or shipping simulation to
make operational and valuation decisions. The ship sched-
uling model provides a basis for value assuming operations
are executed 1n an optimized fashion while the shipping
simulation model provides a basis assuming average or
suboptimal operations.

The valuation from the market perspective assumes a
no-arbitrage environment and ignores the proprietary assets
and mformation that a specific company has at its disposal.
Valuation of an option may significantly difler when these
proprietary assets are considered. As an example, consider
the diversion of a specific LNG cargo, where the delivery
price for the diverted cargo i1s based on some 1ndex value in
the future. One approach to determine the value of the
diversion from one party’s internal perspective uses the
price model to obtain probabilistic paths for divertible and
contractual destination markets, and the generated price
scenarios, diversion penalties and cost of service data to
value the diversion opportunity. Then, 1f the opportunity 1s
likely to be profitable, the ship scheduling model 1s used to
ensure that contractual delivery obligations can still be met.
However, determining the value of the diversion can be
examined from a holistic perspective, where instead of first
deciding whether the opportunity 1s profitable, only the price
scenarios are generated, and the ship scheduling model 1s
run with the generated price scenarios as inputs to optimize
the entire circuit such that some objective function (e.g.
expected profitability) 1s maximized and contractual obliga-
tions are still satisfied. This ship scheduling model i1s run
twice with and without diverting the specific cargo. Next the
statistics of the difference between both models are analyzed
to determine the value of the option. Thinking of value from
a holistic perspective may uncover synergies that may aflect
the decision ultimately taken.

Valuation and Validation of Long-Term Optionality

Validation of long-term (i.e., 90 days or more) options and
opportunities 1s achieved by using the optionality planning
model to 1dentily and estimate the value of potential long-
term options and then using the ship scheduling model to
validate the feasibility of the opportunity and more accu-
rately determine the value thereof. Identifying and valuing,
options to be arranged over a long period of time (e.g. swap
potential) 1s another capability. However, macro-scale esti-
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mates of opportunities 1dentified in the global LNG market
do not account for operational logistics.

In an aspect of disclosed methodologies and techniques,
a method 1s provided for high-level planning analysis to
identily optionality opportunities such as swaps over the
long term. According to the method, 1t 1s determined
whether the i1dentified value can be realized when consid-
ering operational details. The optionality planning model 1s
used to identity opportunities using high-level estimates,
averages and aggregations of a set of LNG supply chain and
market information. As noted above, there may be com-
plexities 1n the detailed logistics and shipping schedules that
are 1gnored at this high-level. To validate value estimates,
various optionality planning scenarios under consideration
are then used as input mto the ship scheduling model to
determine optimized operations and examine whether the
estimated value can be achieved while considering the
complexities of real-world operations. I there 1s a discrep-
ancy, then 1t may not be possible to capture the full value of
the option as estimated.

Validation of Shipping Schedules

The ship scheduling optimization models enable the plan-
ning of eflicient operations and optimized delivery schedules
for both individual projects and portiolios. The suite of
proposed scheduling models 1s used 1n analyses at several
levels of decision-making (strategic, tactical and opera-
tional). To manage the complexity of the optimization
models there are some operational aspects that are either
ignored 1n the models or modeled 1n a limited fashion (e.g.,
some aspects of operational uncertainty). The simulation
model enables a more detailed analysis of the supply chain
operations at a {iner time granularity than the optimization
models. The simulator could therefore be used to validate
whether an optimized schedule 1s indeed operational and
accurate. Furthermore, it 1s possible to analyze the perfor-
mance of proposed schedules under many realizations of the
uncertainties i the supply chain.

Validation of Supply Chain Design

Validation of supply chain design profitability and oper-
ability 1s achieved by using the supply chain design model
to generate a design for an LNG supply chain and then using
the ship scheduling model to validate the feasibility of the
supply chain operations along with more accurately refining
or determining profitability estimates. In the design of an
LNG supply chain, many of the efliciencies that are possible
in operations may be overlooked, thereby leading to redun-
dancy. Robust shipping schedules can have an identical
performance metric to a schedule sensitive to disruptions.
Thus assumptions regarding operations made during the
design phase of an LNG supply chain can have a large
impact on the level of conservatism.

As an example, once a basic design of a new LNG project
1s generated using the proposed supply chain design model,
its best-case operational feasibility can be validated by using
the basic design within the ship scheduling model. The
scenario may be used within the shipping simulation model
to evaluate suboptimal operations. These kinds of valida-
tions serve to provide confidence that more aggressive
designs may still be operated efliciently without the need for
“over-design,” that 1s, using more ships or storage tanks than
necessary. This impacts positively on project profitability by
reducing capital costs and improving returns on investment.
This 1dea extends even further when considering adding a
new project to an existing portiolio and trying to leverage
existing assets (ships, storage at terminals) to reduce capital
investment.
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Common Optimization Platform

Historically, supply chain optimization applications have
been deployed as individual applications that perform a
single task. Typically these applications simply take data
populated from a spreadsheet or database and allow the user
to run an optimization system to produce results with an
indication on making some commercial decision.

According to disclosed methodologies and techniques, all
models are deployed within a single platform to best enable
all the analyses previously described. This common optimi-
zation platform may be developed as a plug-in architecture.
With such an approach, several efliciencies are gained
including the ability to capitalize on existing development
skills, coordination for maintenance, support and updates of
models through a single team, and the capability to seam-
lessly integrate future optimization models mto the platiorm.

The common optimization platform may use a common
data system. This platform would allow input from multiple
formats such as spreadsheets, local or remote/server data-
bases (SQL, MS Access) as well as Internet-based formats.
Models and solution methods may be developed using
various languages, libraries and platforms including C++
and other native languages, AIMMS, GAMS, AMPL or
other modeling libraries. The graphical user mtertace (GUI)
may be designed such that each model or component has a
similar look and feel. Such a common platiorm would make
it easy to add new models developed over time, and even
existing legacy applications may be integrated into the
common application environment. It 1s possible for such a
platform to serve as a basis for the commercialization of
other optimization models than those described here.

FIG. 12 1s a block diagram depicting a computer-based
common LNG supply chain optimization platform 1200
according to disclosed methodologies and techniques. Plat-
form 1200 includes the following: a computer-based supply
chain design model 1202 configured to generate an LNG
supply chain design as previously described herein; a com-
puter-based shipping simulation model 1204 configured to
simulate shipping of LNG as previously described herein; a
computer-based ship scheduling model 1206 configured to
generate an optimized ship schedule to deliver LNG from
one or more LNG liquefaction terminals to one or more
LNG regasification terminals using a fleet of ships as
previously described herein; and a computer-based option-
ality planning model 1208 configured to develop a long-term
strategy for allocating a supply of LNG while adhering to
limitations of available shipping capacity as previously
described herein. Two or more of the models 1202, 1204,
1206, and 1208 are used to valuate or validate an LNG
management decision, which may be one or more of the
tollowing: valuating short-term optionality, validating long-
term options and opportunities, validating shipping sched-
ules, and validating supply chain design profitability and
operability. Each of these LNG management decisions are
described previously herein.

Platform 1200 includes a common data system 1210 that
1s used with the models 1202-1208. Platform 1200 also
includes a graphical user interface 1212 designed so that
cach of the supply chain design model, the shipping simu-
lation model, the ship scheduling model, and the optionality
planning model have a common look and feel as displayed
to a user on a display 1214. Platform 1200 may include other
teatures as described herein.

FIG. 13 1s a block diagram of a computer network 1300
that may be used to perform any of the methods disclosed
herein. A central processing unit (CPU) 1302 1s coupled to

system bus 1304. The CPU 1302 may be any general-
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purpose CPU, although other types of architectures of CPU
1302 (or other components of exemplary system 1300) may
be used as long as CPU 1302 (and other components of
system 1300) supports the inventive operations as described
herein. The CPU 1302 may execute the various logical
istructions according to various exemplary embodiments.
For example, the CPU 1302 may execute machine-level
istructions for performing processing according to the
operational tlow described above 1n conjunction with FIGS.
7-12.

The computer system 1300 may also include computer
components such as a random access memory (RAM) 1306,
which may be SRAM, DRAM, SDRAM, or the like. The
computer system 1300 may also include read-only memory
(ROM) 1308, which may be PROM, EPROM, EEPROM, or
the like. RAM 1306 and ROM 1308 hold user and system
data and programs, as 1s known 1n the art. The computer
system 1300 may also include an mput/output (1/0) adapter
1310, a commumcations adapter 1322, a user interface
adapter 1324, and a display adapter 1318. The I/O adapter
1310, the user interface adapter 1324, and/or communica-
tions adapter 1322 may, 1n certain embodiments, enable a
user to interact with computer system 1300 in order to input
information.

The I/O adapter 1310 preferably connects a storage
device(s) 1312, such as one or more of hard drive, compact
disc (CD) drive, floppy disk drive, tape drive, etc. to
computer system 1300. The storage device(s) may be used
when RAM 1306 i1s insuflicient for the memory require-
ments associated with storing data for operations of embodi-
ments of the present techniques. The data storage of the
computer system 1300 may be used for storing information
and/or other data used or generated as disclosed herein. The
communications adapter 1322 may couple the computer
system 1300 to a network (not shown), which may enable
information to be input to and/or output from system 1300
via the network (for example, the Internet or other wide-area
network, a local-area network, a public or private switched
telephony network, a wireless network, any combination of
the foregoing). User imterface adapter 1324 couples user
input devices, such as a keyboard 1328, a pointing device
1326, and the like, to computer system 1300. The display
adapter 1318 1s driven by the CPU 1302 to control, through
a display driver 1316, the display on a display device 1320.
Information and/or representations pertaining to a portion of
a supply chain design or a shipping simulation, such as
displaying data corresponding to a physical or financial
property of interest, may thereby be displayed, according to
certain exemplary embodiments.

The architecture of system 1300 may be varied as desired.
For example, any suitable processor-based device may be
used, including without limitation personal computers, lap-
top computers, computer workstations, and multi-processor
servers. Moreover, embodiments may be implemented on
application specific integrated circuits (ASICs) or very large
scale integrated (VLSI) circuits. In fact, persons of ordinary
skill in the art may use any number of suitable structures
capable of executing logical operations according to the
embodiments.

FIG. 14 shows a representation of machine-readable logic
or code 1400 for generating an optimized ship schedule and
terminal inventory profile to deliver LNG from one or more
LNG liquefaction terminals to one or more LNG regasifi-
cation terminals using a fleet of ships. Code 1400 may be
used or executed with a computing system such as comput-
ing system 1300. At block 1402 code 1s provided for

modeling an LNG supply chain using a plurality of optimi-
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zation models, the LNG supply chain including the one or
more LNG liquefaction terminals, the one or more LNG
regasification terminals, and the tleet of ships. At block 1404
code 1s provided for accepting a plurality of inputs relevant
to the LNG supply chain, the plurality of inputs configured
to be mput 1nto the plurality of optimization models. At
block 1406 code 1s provided for interfacing one or more
solution algorithms with the plurality of optimization mod-
els. At block 1408 code 1s provided for runming the plurality
of optimization models using the interfaced one or more
solution algorithms to create an optimized ship schedule,
wherein uncertainty 1s accounted for in the optimized ship
schedule. At block 1410 code 1s provided for outputting the
optimized ship schedule. Code eflectuating or executing
other features of the disclosed aspects and methodologies
may be provided as well. This additional code 1s represented
in FI1G. 14 as block 1412, and may be placed at any location
within code 1400 according to computer code programming,
techniques. Code 1400 deals principally with ship schedul-
ing, but one of ordinary skill could create code combining
ship scheduling, optionality planning, LNG shipping simu-
lation, LNG supply chain design, or any combination thereof

FI1G. 15 shows a representation of machine-readable logic
or code 1500 used to develop a long-term strategy for
allocating a supply of LNG while adhering to limitations of
available shipping capacity. Code 1500 may be used or
executed with a computing system such as computing sys-
tem 1300. At block 1502 code 1s provided for modeling an
LNG market using one or more optimization models,
wherein the LNG market includes at least one buyer of
NG, at least one seller of LNG, and at least one means of
transporting LNG. At block 1504 code 1s provided ifor
accepting a plurality of mputs relevant to the LNG market,
the plurality of inputs configured to be input 1nto the one or
more optimization models. At block 1506 code 15 provided
for interfacing one or more solution algorithms with the one
or more optimization models. At block 1508 code 1s pro-
vided for running the one or more optimization models using,
the interfaced one or more solution algorithms to identify
potential options 1n the LNG market, wherein uncertainty 1s
accounted for in the identified potential options. At block
1510 code 1s provided for outputting the 1dentified potential
options. Code eflectuating or executing other features of the
disclosed aspects and methodologies may be provided as
well. This additional code 1s represented 1n FIG. 15 as block
1512, and may be placed at any location within code 1500
according to computer code programming techniques. Code
1500 deals principally with optionality planning, but one of
ordinary skill could create code combining ship scheduling,
optionality planning, LNG shipping simulation, LNG supply
chain design, or any combination thereof

FIG. 16 shows a representation of machine-readable logic
or code 1600 simulating shipping of LNG. Code 1600 may
be used or executed with a computing system such as
computing system 1300. At block 1602 code 1s provided for
modeling an LNG supply chain with a plurality of decision-
making modules, wherein the plurality of decision-making
modules are configured to capture behavior of various
clements of the LNG supply chain. At block 1604 code 1s
provided for entering, into a computer-based simulation
system, data representing a current state of at least a portion
of the LNG supply chain. At block 1606 code is provided for
employing optimization techniques with the plurality of
decision-making modules to prescribe operating decisions
for each element of the LNG supply chain. At block 1608
code 1s provided for running a stmulation of the LNG supply
chain using the plurality of decision-making modules, the
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data, and the optimization techniques. At block 1610 code 1s
provided for outputting an LNG shipping schedule. Code
cllectuating or executing other features of the disclosed

aspects and methodologies may be provided as well. This
additional code 1s represented 1n FIG. 16 as block 1612, and
may be placed at any location within code 1600 according
to computer code programming techmques. Code 1600 deals
principally with LNG shipping simulation, but one of ordi-
nary skill could create code combining ship scheduling,
optionality planning, LNG shipping simulation, LNG supply
chain design, or any combination thereof

FIG. 17 shows a representation of machine-readable logic
or code 1700 for generating an LNG supply chain design.
Code 1700 may be used or executed with a computing
system such as computing system 1300. At block 1702 code
1s provided for modeling an LNG supply chain using a
plurality of optimization models, the modeled LNG supply
chain including a fleet of ships, at least one LNG regasifi-
cation terminal, at least one LNG liquefaction terminal,
multiple customers having purchase contracts of varying
terms, and at least LNG storage facility. At block 1704 code
1s provided for accepting mput data relevant to the modeled
LNG supply chain, the input data configured to be input into
the plurality of optimization models. At block 1706 code 1s
provided for interfacing one or more solution algorithms
with the plurality of optimization models. At block 1708
code 1s provided for running the plurality of optimization
models using the interfaced one or more solution algorithms
to create an optimized supply chain design. At block 1710
code 1s provided for outputting the optimized supply chain
design. Code effectuating or executing other features of the
disclosed aspects and methodologies may be provided as
well. This additional code 1s represented 1n FIG. 17 as block
1712, and may be placed at any location within code 1700
according to computer code programming techniques. Code
1700 deals principally with LNG supply chain design, but
one ol ordinary skill could create code combining ship
scheduling, optionality planning, LNG shipping simulation,
LNG supply chain design, or any combination thereof

FIG. 18 depicts a method 1800, in tlowchart format, of
valuating and validating potential long-term options in an
LNG market according to disclosed aspects and methodolo-
gies. Details of each part of method 1800 are contained
herein. At block 1802 potential long-term options in the
LNG market are 1dentified. At block 1804 an optimized ship
schedule for each of the identified potential long-term
options 1s generated. At block 1806 a valuation 1s assigned
to each of the optimized ship schedules. At block 1808 the
valuations are compared to determine which valuation 1s
most advantageous. At block 1810 the most advantageous
valuation 1s outputted.

FIG. 19 15 a flowchart showing a method of validating an
LNG supply chain design according to disclosed aspects and

methodologies. Details of each part of method 1900 are
disclosed herein. At block 1902 an LNG supply chain design

1s generated. At block 1904 an LNG ship scheduling model
1s used to validate a feasibility of operations within the LNG
supply chain design and to refine profitability estimates.
FIG. 20 1s a flowchart showing another method 2000 of
validating an LNG supply chain design according to dis-

closed aspects and methodologies. Details of each part of
method 2000 are disclosed herein. At block 2002 an LNG

supply chain design 1s generated. At block 2004 an LNG
shipping simulation model 1s used to validate a feasibility of
operations within the LNG supply chain design and to refine
profitability estimates.
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FIG. 21 1s a flowchart showing a method 2100 of valu-
ating a short-term optionality 1n an LNG market according

to disclosed aspects and methodologies. Details of each part
of method 2100 are disclosed herein. At block 2102 a
probability distribution of short-term LNG prices 1s
obtained. At block 2104 the probability distribution of
short-term LING prices 1s used as an mput to a shup sched-
uling model. At block 2106 the ship scheduling model 1s run
to generate an optimized ship schedule. At block 2108
outputs of the ship scheduling model are used to value
short-term optionality scenarios. At block 2110 a valuation
of the short-term optionality scenarios 1s outputted.

FI1G. 22 1s a flowchart showing another method 2200 of
valuating a short-term optionality in a liquefied natural gas

(LNG) market. Details of each part of method 2200 are

disclosed herein. At block 2202 a probability distribution of
short-term LNG prices 1s obtained. At block 2204 the

probability distribution of short-term LNG prices 1s used as
an mmput to a shipping simulation model that simulates
shipping of LNG. At block 2206 the shipping simulation
model 1s run to generate LNG operations decisions. At block
2208 outputs of the shipping simulation model are used to
value short-term optionality scenarios. At block 2210 a
valuation of the short-term optionality scenarios 1s output-
ted.

[lustrative, non-exclusive examples of methods and prod-
ucts according to the present disclosure are presented in the
following non-enumerated paragraphs. It 1s within the scope
of the present disclosure that an individual step of a method
recited herein, mncluding in the following enumerated para-
graphs, may additionally or alternatively be referred to as a
“step for” performing the recited action.

A. A system for generating an optimized ship schedule to
deliver liquefied natural gas (LNG) from one or more LNG
liquefaction terminals to one or more LNG regasification
terminals using a fleet of ships, comprising:

a plurality of optimization models that model an LNG
supply chain, the LNG supply chain including the one or
more LNG liquefaction terminals, the one or more LNG
regasification terminals, and the fleet of ships;

an mput device that accepts a plurality of inputs relevant
to the LNG supply chain, the plurality of inputs configured
to be input into the plurality of optimization models; one or
more solution algorithms interfaced with the plurality of
optimization models;

a processor that runs the plurality of optimization models
using the interfaced one or more solution algorithms to
create an optimized ship schedule, wherein uncertainty is
accounted for in the optimized ship schedule; and

an output device that outputs the optimized ship schedule.

Al. The system as recited in paragraph A, wherein the
LNG supply chain includes at least one LNG customer that
1s bound by a long term contract.

A2. The system as recited 1n any of paragraphs A-Al,
wherein the LNG supply chain includes at least one spot
LNG buyer.

A3. The system as recited 1n any of paragraphs A-A2,
wherein the fleet of ships includes at least one ship that 1s
one of leased, owned, in-chartered, and available for trans-
port of a spot LNG cargo.

A4. The system as recited 1n any of paragraphs A-A3,
wherein the ship schedule 1s an optimized ship schedule for
at least one ship owned or leased by an LNG customer.

AS5. The system as recited 1n any of paragraphs A-A4,
wherein creating an optimized ship schedule includes opti-
mizing optionality 1n the LNG supply chain.
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A6. The system as recited in any ol paragraphs A-AS5,
wherein the plurality of inputs include at least one of

production and delivery of multiple grades of LNG, and

ratability requirements for at least one contract.

A’7. The system as recited in any ol paragraphs A-A6,
wherein the plurality of inputs include one or more of

a constraint that a ship 1n the fleet of ships 1s fully loaded
at one of the one or more liquefaction terminals, and

a constraint that a ship in the fleet of ships 1s fully

discharged at one of the one or more regasification termi-
nals.

A8. The system as recited in any ol paragraphs A-A’7,
wherein the plurality of inputs include one or more of

a constraint that a ship in the fleet of ships 1s only partially
loaded at one of the one or more liquetaction terminals, and

a constraint that a ship in the fleet of ships 1s only partially
unloaded at one of the one or more regasification terminals.

A9. The system as recited 1n any of paragraphs A-AS,
wherein the plurality of inputs include a constraint that
specifles a heel amount upon discharge at a regasification
terminal.

A10. The system of claim 1, wherein a heel amount upon
discharge at a regasification terminal 1s optimized.

All. The system as recited in any of paragraphs A-A10,
wherein the ship schedule 1s optimized simultaneously with
one of

LNG 1nventory levels at one of the at least one LNG
liquetaction terminals, and

LNG 1nventory levels at one of the at least one LNG
regasification terminals.

Al2. The system as recited 1n any of paragraphs A-All,
wherein the ship schedule 1s optimized simultaneously with
one of

tuel selection for at least one voyage,

a ship speed for at least one voyage.

a maritime route for at least one voyage, and

berth assignment at one of the at least one liquetaction or
regasification terminals.

Al3. The system as recited 1n any of paragraphs A-Al2,
wherein a plurality of operating entities operate at one of the
one or more liquetaction terminals.

Al4. The system as recited 1n any of paragraphs A-A1l3,
wherein the multiple operating entities share infrastructure.

Al3. The system as recited 1n any of paragraphs A-Al4,
where the multiple operating entities operating at the one of
the one or more liquefaction terminals are bound by diflerent
fiscal rules.

Al6. The system as recited 1n any of paragraphs A-A1l3,
wherein the solution algorithms comprise one or more of
commercial solvers, heuristics, and exact solution methods.

Al7. The system as recited in any of paragraphs A-A16,
wherein the plurality of optimization models are based on
one or more of constraint programming, mathematical pro-
gramming, dynamic programming, and approximate
dynamic programming.

A1l8. The system as recited in any of paragraphs A-Al7,
wherein the plurality of inputs comprise data regarding one
or more of liquefaction terminals, regasification terminals,
contractual obligations, spot market demand, shipping fleet,
and customer requests, weather and maritime transportation,
market and contract prices.

A19. The system as recited 1n any of paragraphs A-A1S,
wherein an objective of the optimization 1s one or more of
minimizing costs, maximizing profitability, satisiying con-
tractual obligations, maximizing performance robustness,
and minimizing deviation from another schedule.
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A20. The system as recited in any of paragraphs A-A19,
wherein the output device 1s a display having a graphical
user interface.

A21. The system as recited in any of paragraphs A-A20,
wherein the optimization models are configured to perform
optimization over a time period ranging from 30 days to 800
days.

A22. The system as recited in any of paragraphs A-A21,
wherein the ship schedule 1s optimized simultaneously with
one of a ship maintenance schedule, and

an LNG liquefaction schedule.

A23. The system as recited in any of paragraphs A-A22,
wherein an 1mnitial ship schedule 1s used as a starting point for
the ship schedule optimization.

A24. The system as recited in any of paragraphs A-A23,
wherein performance of an optimized ship schedule 1s
evaluated over one or more future scenarios.

B. A method for generating an optimized ship schedule to
deliver liquefied natural gas (LNG) from one or more LNG
liquefaction terminals to one or more LNG regasification
terminals using a fleet of ships, comprising:

using a computer, modeling an LNG supply chain using
a plurality of optimization models, the LNG supply chain
including the one or more LNG liquefaction terminals, the
one or more LNG regasification terminals, and the fleet of
ships;

accepting a plurality of inputs relevant to the LNG supply
chain, the plurality of mputs configured to be input into the
plurality of optimization models;

interfacing one or more solution algorithms with the
plurality of optimization models;

using a computer, running the plurality of optimization
models using the interfaced one or more solution algorithms
to create an optimized ship schedule, wherein uncertainty 1s
accounted for in the optimized ship schedule; and

outputting the optimized ship schedule.

B1l. The method as recited in paragraph B, further com-

prising delivering LNG based on the optimized ship sched-
ule.
C. A method of delivering Liquified Natural Gas, (LNG),
comprising:
generating an optimized ship schedule and terminal
inventory profile to deliver LNG from one or more LNG
liquefaction terminals to one or more LNG regasification
terminals using a fleet of ships, wherein generating the
optimized ship schedule and terminal inventory profile
includes
modeling an LNG supply chain using a plurality of
optimization models, the LNG supply chain including
the one or more LNG liquetaction terminals, the one or
more LNG regasification terminals, and the fleet of
ships;
accepting a plurality of inputs relevant to the LNG supply
chain, the plurality of inputs configured to be input into
the plurality of optimization models,
interfacing one or more solution algorithms with the
plurality of optimization models,
running the plurality of optimization models using the
interfaced one or more solution algorithms to create an
optimized ship schedule, wheremn uncertainty 1is
accounted for in the optimized ship schedule, and
outputting the optimized ship schedule; and
delivering LNG according to the optimized ship schedule.
D. A computer program product having computer execut-
able logic recorded on a tangible, machine-readable
medium, comprising:
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code for generating an optimized ship schedule and
terminal inventory profile to deliver LNG from one or more
LNG liquefaction terminals to one or more LNG regasifi-
cation terminals using a fleet of ships, said code for gener-
ating including
code for modeling an LNG supply chain using a plurality
of optimization models, the LNG supply chain includ-
ing the one or more LNG liquetaction terminals, the
one or more LNG regasification terminals, and the fleet
of ships,
code for accepting a plurality of mputs relevant to the
LNG supply chain, the plurality of inputs configured to
be mput into the plurality of optimization models,

code for interfacing one or more solution algorithms with
the plurality of optimization models, and

code for running the plurality of optimization models

using the interfaced one or more solution algorithms to

create an optimized ship schedule, wherein uncertainty

1s accounted for in the optimized ship schedule; and
code for outputting the optimized ship schedule.

E. A method for developing a long-term strategy for
allocating a supply of liquefied natural gas (LNG) while
adhering to limitations of available shipping capacity, the
method comprising:

modeling an LNG market using one or more optimization
models, wherein the LNG market includes at least one buyer
of LNG, at least one seller of LNG, and at least one means
of transporting LNG;

accepting a plurality of iputs relevant to the LNG
market, the plurality of inputs configured to be input into the
one or more optimization models;

interfacing one or more solution algorithms with the one
or more optimization models;

running the one or more optimization models using the
interfaced one or more solution algorithms to 1dentify poten-
tial options 1n the LNG market, wherein uncertainty 1s
accounted for in the i1dentified potential options; and

outputting the identified potential options.

E1l. The method as recited in paragraph E, wherein the
plurality of mputs comprise at least one of projects and
parties to consider,

percent ownership of each party 1n each project,

a fraction of the supply committed at a location,

projected production rates at each LNG terminal for each
supplier, and

local and regional gas supply and demand.

E2. The method as recited 1n any of paragraphs E-E1,
wherein the plurality of mputs comprise at least one of
shipping capacity constraints, constraints of

cach project based on number, class, size, fuel type, and
speed range of ships,
whether ships are dedicated or pooled, and
whether ships are owned, long-term chartered, spot, or
short-term chartered.

E3. The method as recited 1in any of paragraphs E-E2,
wherein the plurality of inputs comprise at least one market
for LNG ship outchartering.

E4. The method as recited 1n any of paragraphs E-E3,
wherein the plurality of inputs comprise at least one market
for LNG ship inchartering.

ES. The method as recited 1n any of paragraphs E-E4,
wherein the plurality of mputs comprise at least one of
contractual demand at each destination terminal for each
consumer required from each particular supplier, known and
assumed fiscal terms for each project’s contract, sale price
structure,
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flexibility of the contracts with regard to options such as
the ability to incharter or outcharter ships, divert cargos, or
buy or sell to spot markets, and time horizon.

E6. The method as recited in any of paragraphs E-ES5,
wherein the plurality of inputs comprise at least one of

ship routes between all supply and destination terminals,

cost of service estimates for each shipping route,

types or grades of available LNG, and

NG price range projections at each market locale over a
time horizon.

E7. The method as recited in any of paragraphs E-E6,
wherein the means of transporting LNG 1s one or more
ships.

E8. The method as recited in any of paragraphs E-E7,
wherein the LNG market further includes an LNG terminal.

E9. The method as recited in any of paragraphs E-ES,
turther comprising determining a next best alternative strat-
cgy available to at least one side of an LNG purchase
negotiation.

E10. The method as recited in any of paragraphs E-E9,
turther comprising analyzing flexibility and optionality 1n
product routing.

E11. The method as recited 1n any of paragraphs E-E10,
wherein the one or more optimization models are run to
determine 1mproved or optimized profitability from a per-
spective of one or more parties 1n a transaction.

E12. The method as recited 1n any of paragraphs E-E11,
turther comprising 1dentifying sub-optimal potential options
in the LNG market.

E13. The method as recited 1n any of paragraphs E-E12,
wherein uncertainty in the one or more mputs is represented
as one or more of multiple scenarios, probability distribution
functions, ranges ol values, and a discrete set of values.

E14. The method as recited 1n any of paragraphs E-E14,
wherein the one or more optimization models 1s one of a
stochastic programming model and a robust optimization
model.

E135. The method as recited 1n any of paragraphs E-E14,
wherein one or more optimization models incorporate a
network flow model and uses discrete variables to represent
fixed penalties, costs and incentives on various options,
batch cargo movements, limits on options, and IF-THEN
logic on option constraints.

E16. The method as recited 1n any of paragraphs E-E15,
wherein a time horizon 1s used to evaluate the identified
potential options.

E17. The method as recited 1n any of paragraphs E-E16,
wherein the time horizon 1s a single time period snapshot.

E18. The method as recited 1n any of paragraphs E-E17,
wherein the time horizon 1s a multi-period time horizon.

E19. The method as recited 1n any of paragraphs E-E18,
wherein the 1dentified potential options include one or more
of diversions, swaps, backhauls, ship outcharter, ship inchar-
ter, and co-loading of ships.

E20. The method as recited 1n any of paragraphs E-E19,
wherein the identified potential options include limits on
potential deals, including one or more of

maximum number of parties on one side of a deal,

maximum number of parties per deal,

maximum number of sets of parties dealing, and

disallowed deals.

E21. The method as recited 1n any of paragraphs E-E20,
wherein 1dentifying potential options includes a sensitivity
analysis to a data set.

E22. The method as recited 1n any of paragraphs E-E21,
wherein uncertainty in the plurality of inputs includes one or
more ol natural gas prices, shipping cost of service, fuel
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cost, shipping capacity on particular routes, the number, size
and speed of ships traveling on a particular route, and market
supply and demand scenarios.

E23. The method as recited 1n any of paragraphs E-E22,
turther comprising delivering LNG according to the 1denti-
fied potential options.

F. A method of delivering liquefied natural gas (LNG)
using a long-term strategy for allocating an LNG supply that
adheres to limitations of available shipping capacity, the
method comprising:

modeling an LNG market using one or more optimization
models, wherein the LNG market includes at least one buyer
of LNG, at least one seller of LNG, and at least one means
of transporting LNG;

accepting a plurality of iputs relevant to the LNG
market, the plurality of inputs configured to be input into the
one or more optimization models;

interfacing one or more solution algorithms with the one
or more optimization models;

running the one or more optimization models using the
interfaced one or more solution algorithms to 1dentify poten-
tial options 1n the LNG market, wherein uncertainty 1s
accounted for in the i1dentified potential options;

outputting the 1dentified potential options; and delivering
LNG according to the identified potential options.

G. A computer program product having computer execut-
able logic recorded on a tangible, machine-readable
medium, comprising;:

code for developing a long-term strategy for allocating a

supply of liquefied natural gas (LNG) while adhering to
limitations of available shipping capacity, the code for
developing including

code for modeling an LNG market using one or more

optimization models, wherein the LNG market includes
at least one buyer of LNG, at least one seller of LNG,
and at least one means of transporting LNG,

code for accepting a plurality of mputs relevant to the

LNG market, the plurality of iputs configured to be
input into the one or more optimization models,

code for interfacing one or more solution algorithms with

the one or more optimization models, and

code for running the one or more optimization models

using the interfaced one or more solution algorithms to
identily potential options 1n the LNG market, wherein
uncertainty 1s accounted for in the i1dentified potential
options; and

code for outputting the i1dentified potential options.

H. A method of simulating shipping of liquefied natural
gas (LNG), comprising;

modeling an LNG supply chain with a plurality of deci-
sion-making modules, wherein the plurality of decision-
making modules are configured to capture behavior of
various elements of the LNG supply chain;

entering, into a computer-based simulation system, data
representing a current state of at least a portion of the LNG
supply chain;

employing optimization techniques with the plurality of
decision-making modules to prescribe operations decisions
for each element of the LNG supply chain;

running a simulation of the LNG supply chain using the
plurality of decision-making modules, the data, and the
optimization techniques; and

outputting an optimal or near-optimal LNG shipping
schedule.

H1. The method as recited in paragraph H, wherein the
plurality of decision-making modules include a module
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representing operation of various ships and fleets, including
determining ship speed, cost of service, fuel-mode opera-
tion, and ship maintenance.

H2. The method as recited in any of paragraphs H-HI,
wherein the plurality of decision-making modules include a
module representing port operations, including production,
consumption and storage elements, scheduled and unsched-
uled maintenance, berth scheduling, and loading/unloading,
operations.

H3. The method as recited in any of paragraphs H-H2,
wherein the plurality of decision-making modules include a
module representing ship scheduling, including dealing with
disruptions, price tluctuations and variation in market con-
ditions such as appearance or disappearance of LNG sales or
purchase opportunities, or appearance or disappearance of
ship out-chartering and in-chartering opportunities.

H4. The method as recited in any of paragraphs H-H3,
wherein the module representing ship scheduling includes
an option to use algorithms based on one of linear or
mixed-integer programming, constraint programming,
approximate dynamic programming, robust optimization
and stochastic programming.

H5. The method as recited in any of paragraphs H-H4,
wherein the plurality of decision-making modules include a
module representing pricing for each market.

H6. The method as recited in any of paragraphs H-HS5,
wherein the optimization techniques comprise at least one of

linear programming,

mixed-integer programming,

constraint programming,

dynamic programming, and

approximate dynamic programming.

H7. The method as recited in any of paragraphs H-H®6,
turther comprising displaying, using a graphical user inter-
face, time-dependent information relating to the LNG sup-
ply chain.

HS8. The method as recited in any of paragraphs H-H7,
turther comprising using the graphical user interface to
control mputs and scenarios relating to the LNG supply
chain.

H9. The method as recited in any of paragraphs H-HS,
wherein the data includes one or more of natural gas prices,
shipping cost of service, fuel costs, travel and weather
conditions, and shipping traflic.

H10. The method as recited in any of paragraphs H-H9,
wherein the data includes one or more of availability of spot
ships and contracts, unplanned maintenance, shipping dis-
ruptions, changes to a rate of natural gas production, types
or grades of available LNG, and changes to rates of natural
gas consumption.

H11. The method as recited 1n any of paragraphs H-H10,
turther comprising delivering LNG based on the outputted
LNG shipping schedule.

H12. The method as recited 1n any of paragraphs H-H11,
wherein an initial shipping schedule 1s used as a starting
point for the simulation of the LNG shipping schedule.

H13. The method as recited 1n any of paragraphs H-H12,
wherein the LNG supply chain includes at least one LNG
customer that 1s bound by a long term contract.

H14. The method as recited 1n any of paragraphs H-H13,
wherein the LNG supply chain includes at least one spot
LNG buyer.

H15. The method as recited 1n any of paragraphs H-H14,
wherein the LNG supply chain includes a tleet of ships, and
wherein the tleet of ships includes at least one ship that 1s
one of leased, owned, in-chartered, and available for trans-
port of a spot LNG cargo.
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H16. The method as recited 1n any of paragraphs H-H13,
wherein the LNG shipping schedule 1s an LNG shipping
schedule for at least one ship owned or leased by an LNG
custometr.

H17. The method as recited 1n any of paragraphs H-H16,
wherein the optimization of the ship schedule includes
optimizing optionality 1n the LNG supply chain.

H18. The method as recited 1n any of paragraphs H-H17,
wherein the data include at least one of

production and delivery of multiple grades of LNG, and

ratability requirements for at least one contract.

H19. The method as recited 1n any of paragraphs H-HI18,
wherein the LNG supply chain includes a tleet of ships, and
wherein the data include one or more of

a constraint that a ship in the fleet of ships 1s fully loaded
at a liquefaction terminal 1n the LNG supply chain, and

a constraint that a ship in the fleet of ships 1s fully
discharged at a regasification terminal in the LNG supply
chain.

H20. The method as recited 1n any of paragraphs H-H19,
wherein the LNG supply chain includes a tleet of ships, and
wherein the data include one or more of

a constraint that a ship in the fleet of ships 1s only partially
loaded at a liquefaction terminal 1n the LNG supply chain,
and

a constraint that a ship in the fleet of ships 1s only partially
unloaded at a regasification terminal 1n the LNG supply
chain.

H21. The method as recited 1n any of paragraphs H-H20,
wherein the data include a constraint that specifies an
optimal heel amount upon discharge at a regasification
terminal in the LNG supply chain.

H22. The method as recited 1n any of paragraphs H-H21,
wherein the LNG operations decisions are optimized simul-
taneously with one of
LNG mventory levels at a LNG liquefaction terminal 1n
the LNG supply chain, and
LNG mventory levels at a LNG regasification terminal 1n
the LNG supply chain.

H23. The method as recited 1n any of paragraphs H-H22,
wherein the LNG operations decisions are optimized simul-
taneously with one of

tuel selection for at least one voyage,

a ship speed for at least one voyage.

a maritime route for at least one voyage, and

berth assignment at a liquetaction or regasification termi-
nal 1n the LNG supply chain.

H24. The method as recited 1n any of paragraphs H-H23,
wherein a plurality of operating entities operate at a lique-
faction terminal 1n the LNG supply chain.

H25. The method as recited 1n any of paragraphs H-H24,
wherein the multiple operating entities share infrastructure.

H26. The method as recited 1n any of paragraphs H-H23,
where the multiple operating entities operating at the lique-
faction terminal are bound by different fiscal rules.

H2'7. The method as recited 1n any of paragraphs H-H26,
wherein an objective of each decision-making module 1s one
or more of minimizing costs, maximizing profitability, sat-
1sfying contractual obligations, maximizing performance
robustness, and minimizing deviation from another shipping
schedule.

H28. The method as recited 1n any of paragraphs H-H27,
wherein the decision-making modules are configured to
capture behavior over a time period ranging from 30 days to

800 days.
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H29. The method as recited 1n any of paragraphs H-H28,
wherein the LNG operations decisions are optimized simul-
taneously with one of

a ship maintenance schedule, and

an LNG liquetaction schedule.

H30. The method as recited 1n any of paragraphs H-H29,
turther comprising evaluating the LNG supply chain over
one or more future scenarios.

I. A system for simulating shipping of liquefied natural
gas (LNG), comprising;

a plurality of decision-making modules that model an
LNG supply chain, wherein the plurality of decision-making
modules are configured to capture behavior of various
clements of an LNG supply chain;

an mnput device that enters, 1nto a computer-based simu-
lation system, data representing a current state of at least a
portion of the LNG supply chain;

a processor that

employs optimization techniques with the plurality of

decision-making modules to prescribe LNG operations
decisions for each element of the LNG supply chain,
and

runs a simulation of an LNG shipping schedule using the

plurality of decision-making modules, the data, and the
optimization techniques; and

an output device that outputs an LNG shipping schedule.

J. A method of delivering liquefied Natural Gas (LNG),
comprising:

modeling an LNG shipping schedule with a plurality of
decision-making modules, wherein the plurality of decision-
making modules are configured to capture behavior of
various elements of an LNG supply chain;

entering, 1nto a computer-based simulation system, data
representing a current state of at least a portion of the LNG
supply chain;

employing optimization techniques with the plurality of
decision-making modules to prescribe operations decisions
for each element of the LNG supply chain;

running a simulation of an LNG shipping schedule using
the plurality of decision-making modules, the data, and the
optimization techniques;

outputting the simulated LNG shipping schedule; and

delivering LNG according to the LNG shipping schedule.

K. A computer program product having computer execut-
able logic recorded on a tangible, machine-readable
medium, comprising:

code for modeling an LNG shipping schedule with a
plurality of decision-making modules, wherein the plurality
of decision-making modules are configured to capture
behavior of various elements of an LNG supply chain;

code for entering, into a computer-based simulation sys-
tem, data representing a current state of at least a portion of
the LNG supply chain;

code for employing optimization techniques with the
plurality of decision-making modules to prescribe opera-
tions decisions for each element of the LNG supply chain;

code for running a simulation of an LNG shipping sched-
ule using the plurality of decision-making modules, the data,
and the optimization techmques; and

code for outputting the simulated LNG shipping schedule.

L. A method of simulating shipping of liquefied natural
gas (LNG), comprising;

modeling an LNG shipping schedule with a plurality of
decision-making modules, wherein the plurality of decision-
making modules are configured to capture behavior of
various elements of an LNG supply chain;
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entering, into a computer-based simulation system, data
representing a current state of at least a portion of the LNG
supply chain;

employing optimization techniques with the plurality of
decision-making modules to prescribe operations decisions
for each element of the LNG supply chain;

running a simulation of an LNG shipping schedule using
the plurality of decision-making modules, the data, and the
optimization techniques; and

outputting a behavior of the LNG supply chain when
controlled by the decision-making modules.

LL1. The method as recited in paragraph L, wherein the
behavior of the LNG supply chain 1s an average behavior of
the LNG supply chain.

M. A method for generating a liquefied natural gas (LNG)
supply chain design, comprising;:

modeling an LNG supply chain using a plurality of
optimization models, the modeled LNG supply chain includ-
ing a tleet of ships, at least one LNG regasification terminal,
at least one LNG liquetaction terminal, multiple customers
having purchase contracts of varying terms, and at least
LNG storage facility;

accepting input data relevant to the modeled LNG supply
chain, the input data configured to be input into the plurality
of optimization models;

interfacing one or more solution algorithms with the
plurality of optimization models;

running the plurality of optimization models using the
interfaced one or more solution algorithms to create an
optimized supply chain design; and

outputting the optimized supply chain design;

wherein uncertainty 1s accounted for in the mput data, and
wherein the size, number, and design of ships 1n the fleet of
ships, the number of berths and storage capacity at each of
the at least one LNG regasification terminals and LNG
liquetfaction terminals, and any other design decisions are
treated as variables in the plurality of optimization models.

M1. The method as recited 1n paragraph M, wherein the
one or more solution algorithms comprise one or more of
commercial solvers, heuristics, and exact solution methods.

M2. The method as recited in any of paragraphs M-M1,
wherein the plurality of optimization models are based on
one or more of constraint programming, mathematical pro-
gramming, dynamic programming, approximate dynamic
programming, stochastic programming, and robust optimi-
zation.

M3. The method as recited in any of paragraphs M-M2,
turther comprising integrating a ship scheduling model with
the supply chain design.

M4. The method as recited in any of paragraphs M-M3,
turther comprising integrating a shipping simulation model
with the supply chain design.

M5. The method as recited in any of paragraphs M-M4,
wherein the iput data comprise data regarding one or more
of planned production rates, ship design options, contractual
requirements, fiscal terms, contract flexibility, ship routing
data, price projections, and cost projections.

M6. The method as recited in any of paragraphs M-M3,
wherein uncertainty in the mput data comprise data regard-
Ing one or more of

capital costs,

operating costs,

disruptions and delays for ships, berths and terminals,

maintenance and repairs, and

short-to-long term opportunities and options.

M’7. The method as recited in any of paragraphs M-MS6,
wherein uncertainty 1s further accounted for by solving a
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subproblem and simulating a forward problem many times
under diflerent scenarios as part of a decomposition-based
solution approach.

MS8. The method as recited 1n any of paragraphs M-M7,
turther comprising developing a supply chain based on the
outputted optimized supply chain design.

M9. The method as recited 1n any of paragraphs M-MS,
turther comprising delivering LNG based on the outputted
optimized supply chain design.

M10. The method as recited 1n any of paragraphs M-M9,
wherein the multiple customers 1n the LNG supply chain
include at least one LNG customer that 1s bound by a long
term contract.

M11. The method as recited in any of paragraphs M-M10,
wherein the multiple customers 1n the LNG supply chain
include at least one spot LNG buyer.

M12. The method as recited 1n any of paragraphs M-M11,
wherein the fleet of ships includes a ship that 1s one of
leased, owned, in-chartered, and available for transport of a
spot LNG cargo.

M13. The method as recited in any of paragraphs M-M12,
wherein the input data include at least one of

production and delivery of multiple grades of LNG, and

ratability requirements for at least one contract.

M14. The method as recited in any of paragraphs M-M13,
wherein the input data include one or more of

a constraint that a ship 1n the fleet of ships 1s fully loaded
at one of the one or more LNG liquefaction terminals, and

a constraint that a ship 1n the fleet of ships 1s fully
discharged at one of the one or more LNG regasification
terminals.

M15. The method as recited in any of paragraphs M-M14,
wherein the input data include one or more of

a constraint that a shup 1n the fleet of ships 1s only partially
loaded at one of the one or more LNG liquefaction termi-
nals, and

a constraint that a ship 1n the fleet of ships 1s only partially
unloaded at one of the one or more LNG regasification
terminals.

M16. The method as recited in any of paragraphs M-M15,
wherein the supply chain design 1s optimized simultane-
ously with one of

LNG inventory levels at one of the at least one LNG
liquetaction terminals, and

LNG inventory levels at one of the at least one LNG
regasification terminals.

M17. The method as recited in any of paragraphs M-M16,
wherein the supply chain design 1s optimized simultane-
ously with one of

a maritime route for at least one voyage, and

berth assignment at one of the at least one LNG lique-
faction or LNG regasification terminals.

M18. The method as recited in any of paragraphs M-M17,
wherein a plurality of operating entities operate at one of the
one or more LNG liquefaction terminals.

M19. The method as recited in any of paragraphs M-M 18,
wherein the multiple operating entities share infrastructure.

M20. The method as recited in any of paragraphs M-M19,

where the multiple operating entities operating at the one of
the one or more LNG liquefaction terminals are bound by
different fiscal rules.
M21. The method as recited in any of paragraphs M-M20,
wherein the mput data comprise data regarding one or more
of liquefaction terminals, regasification terminals, contrac-
tual obligations, spot market demand, shipping fleet, and
customer requests, weather and maritime transportation,
market and contract prices.
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M22. The method as recited 1n any of paragraphs M-M21,
wherein an objective of the optimization 1s one or more of
minimizing costs, maximizing profitability, satisiying con-
tractual obligations, maximizing performance robustness,
exploiting optionality, and minimizing dewviation from
another schedule.

M25. The method as recited 1n any of paragraphs M-M24,
wherein the optimized supply chain design 1s outputted to a
display having a graphical user interface.

M26. The method as recited 1n any of paragraphs M-M23,
wherein the plurality of optimization models are configured
to perform optimization over a time period ranging from one

to thirty years.

M27. The method as recited 1n any of paragraphs M-M26,
wherein the supply chain design 1s optimized simultane-
ously with one of

a ship maintenance schedule, and

an LNG liquefaction schedule.

M28. The method as recited 1n any of paragraphs M-M27,
wherein an 1nitial ship schedule 1s used as a starting point for
the supply chain design optimization.

M29. The method as recited 1n any of paragraphs M-M28,
wherein performance of an optimized supply chain design 1s
evaluated over one or more future scenarios.

N. A system for generating a liquefied natural gas (LNG)
supply chain design, comprising;:

using a plurality of optimization models to model an LNG
supply chain, the modeled LNG supply chain including a
fleet of ships, at least one LNG regasification terminal, at
least one LNG liquefaction terminal, multiple customers
having purchase contracts of varying terms, and at least
LNG storage facility;

an 1nput device that accepts mput data relevant to the
modeled LNG supply chain, the mnput data configured to be
input 1mnto the plurality of optimization models;

a processor that

interfaces one or more solution algorithms with the plu-

rality of optimization models, and

runs the plurality of optimization models using the inter-

faced one or more solution algorithms to create an
optimized supply chain design; and

an output device that outputs the optimized supply chain
design;

wherein uncertainty 1s accounted for in the mput data, and
wherein the size, number, and design of ships 1n the fleet of
ships, the number of berths and storage capacity at each of
the at least one LNG regasification terminals and LNG
liquetfaction terminals, and any other design decisions are
treated as variables in the plurality of optimization models.

O. A method of delivering liquefied natural gas (LNG),
comprising;

modeling an LNG supply chain using a plurality of
optimization models, the modeled LNG supply chain includ-
ing a fleet of ships, at least one LNG regasification terminal,
at least one LNG liquefaction terminal, multiple customers
having purchase contracts of varying terms, and at least
LNG storage facility;

accepting input data relevant to the modeled LNG supply
chain, the input data configured to be mnput into the plurality
ol optimization models;

interfacing one or more solution algorithms with the
plurality of optimization models;

running the plurality of optimization models using the
interfaced one or more solution algorithms to create an
optimized supply chain design;

outputting the optimized supply chain design; and
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delivering LNG according to the optimized supply chain
design;

wherein uncertainty 1s accounted for 1n the input data, and
wherein the size, number, and design of ships 1n the fleet of
ships, the number of berths and storage capacity at each of
the at least one LNG regasification terminals and LNG
liquefaction terminals, and any other design decisions are
treated as variables in the plurality of optimization models.

P. A computer program product having computer execut-
able logic recorded on a tangible, machine-readable
medium, comprising:

code for modeling an LNG supply chain using a plurality
of optimization models, the modeled LNG supply chain
including a fleet of ships, at least one LNG regasification
terminal, at least one LNG liquefaction terminal, multiple
customers having purchase contracts of varying terms, and
at least LNG storage facility;

code for accepting mput data relevant to the modeled
LNG supply chain, the input data configured to be input into
the plurality of optimization models;

code for mterfacing one or more solution algorithms with
the plurality of optimization models;

code for running the plurality of optimization models
using the interfaced one or more solution algorithms to
create an optimized supply chain design; and

code for outputting the optimized supply chain design;

wherein uncertainty 1s accounted for in the input data, and
wherein the size, number, and design of ships 1n the fleet of
ships, the number of berths and storage capacity at each of
the at least one LNG regasification terminals and LNG
liquetaction terminals, and any other design decisions are
treated as variables in the plurality of optimization models.

Q. A computer-based common liquefied natural gas
(LNG) supply chain optimization platform, comprising:

a computer-based supply chain design model configured
to generate an LNG supply chain design;

a computer-based shipping simulation model configured
to simulate shipping of LNG;

a computer-based ship scheduling model configured to
generate an optimized ship schedule to deliver LNG from
one or more LNG liquefaction terminals to one or more
LNG regasification terminals using a fleet of ships; and

a computer-based optionality planming model configured
to develop a long-term strategy for allocating a supply of
LNG while adhering to limitations of available shipping
capacity;

wherein two or more of the supply chain design model,
the shipping simulation model, the ship scheduling model,
and the optionality planning model are used to value or
validate an LNG management decision.

Q1. The computer-based common LNG supply chain
optimization platform as recited 1n paragraph (), wherein the
LNG management decision comprises one of

valuing short-term optionality,

validating long-term options and opportunities,

validating shipping schedules, and

validating supply chain design profitability and operabil-
ty.

Q2. The computer-based common LNG supply chain
optimization platform as recited 1n any of paragraphs Q-Q1,
wherein the short-term optionality 1s valuated for one of ship
in-chartering, ship out-chartering, a diversion, and a back-
haul opportunity.

Q3. The computer-based common LNG supply chain
optimization platform as recited 1n any of paragraphs Q-Q2,
wherein the short-term optionality 1s valuated from a market
perspective.
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Q4. The computer-based common LNG supply chain
optimization platform as recited 1n any of paragraphs Q-Q3,
wherein the short-term optionality 1s valuated from a per-
spective of one or more participants i1n the supply chain.

Q5. The computer-based common LNG supply chain
optimization platform as recited 1n any of paragraphs Q-0Q4,
wherein a common data system 1s used with the supply chain
design model, the shipping simulation model, the ship
scheduling model, and the optionality planming model.

Q6. The computer-based common LNG supply chain
optimization platform as recited 1n any of paragraphs Q-Q3,
further comprising a graphical user interface designed so
that each of the supply chain design model, the shipping
simulation model, the ship scheduling model, and the
optionality planning model have a common look and feel as
displayed to a user.

Q7. The computer-based common LNG supply chain
optimization platform as recited 1n any of paragraphs Q-Q6,
wherein the supply chain design model generates an LNG
supply chain design by:

modeling an LNG supply chain using a plurality of
optimization models, the modeled LNG supply chain includ-
ing a tleet of ships, at least one LNG regasification terminal,
at least one LNG liquetaction terminal, multiple customers
having purchase contracts of varying terms, and at least
LNG storage facility;

accepting 1nput data relevant to the modeled LNG supply
chain, the input data configured to be input 1nto the plurality
ol optimization models;

interfacing one or more solution algorithms with the
plurality of optimization models;

running the plurality of optimization models using the
interfaced one or more solution algorithms to create an
optimized supply chain design; and

outputting the optimized supply chain design.

Q8. The computer-based common LNG supply chain
optimization platform as recited 1n any of paragraphs Q-Q7,
wherein the LNG shipping simulation simulates shipping of
LNG by:

modeling an LNG supply chain with a plurality of deci-
sion-making modules, wherein the plurality of decision-
making modules are configured to capture behavior of
various elements of an LNG supply chain;

entering, into a computer-based simulation system, data
representing a current state of at least a portion of the LNG
supply chain;

employing optimization techniques with the plurality of
decision-making modules to prescribe operations decisions
for each element of the LNG supply chain;

running a simulation of an LNG shipping schedule using
the plurality of decision-making modules, the data, and the
optimization techniques; and

outputting an LNG shipping schedule.

Q9. The computer-based common LNG supply chain
optimization platform as recited 1n any of paragraphs Q-Q8,
wherein the ship scheduling model generates an optimized
ship schedule to deliver LNG from one or more LNG
liquetfaction terminals to one or more LNG regasification
terminals using a fleet of ships by:

using a computer, modeling an LNG supply chain using
a plurality of optimization models, the LNG supply chain
including the one or more LNG liquefaction terminals, the
one or more LNG regasification terminals, and the fleet of
ships;

accepting a plurality of inputs relevant to the LNG supply
chain, the plurality of mnputs configured to be input into the
plurality of optimization models;
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interfacing one or more solution algorithms with the
plurality of optimization models;

using a computer, running the plurality of optimization
models using the interfaced one or more solution algorithms
to create an optimized ship schedule, wherein uncertainty 1s
accounted for in the optimized ship schedule; and

outputting the optimized ship schedule.

Q10. The computer-based common LNG supply chain
optimization platform as recited 1n any of paragraphs Q-Q9,
wherein the optionality planning model develops a long-
term strategy for allocating a supply of LNG while adhering,
to limitations of available shipping capacity by:

modeling an LNG market using one or more optimization
models, wherein the LNG market includes at least one buyer
of LNG, at least one seller of LNG, and at least one means
ol transporting LNG;

accepting a plurality of mputs relevant to the LNG
market, the plurality of inputs configured to be mput into the
one or more optimization models;

interfacing one or more solution algorithms with the one
or more optimization models;

running the one or more optimization models using the
interfaced one or more solution algorithms to 1dentity poten-
tial options 1n the LNG market, wherein uncertainty 1s
accounted for in the i1dentified potential options; and

outputting the identified potential options.

R. A method of valuating and validating potential long-
term options 1 a liquefied natural gas (LNG) market,
comprising:

identifying potential long-term options 1in the LNG mar-
ket:

generating an optimized ship schedule for each of the
identified potential long-term options;

assigning a valuation to each of the optimized ship
schedules:

comparing the valuations to determine which valuation 1s
most advantageous; and

outputting the most advantageous valuation.

R1. The method as recited 1n paragraph R wherein iden-
tifying potential long-term options i the LNG market
comprises developing a long-term strategy for allocating a
supply of LNG while adhering to limitations of available
shipping capacity, including:

modeling the LNG market using one or more optimization
models, wherein the LNG market includes at least one buyer
of LNG, at least one seller of LNG, and at least one means
of transporting LNG;

accepting a plurality of mputs relevant to the LNG
market, the plurality of inputs configured to be mput into the
one or more optimization models;

interfacing one or more solution algorithms with the one
or more optimization models;

running the one or more optimization models using the
interfaced one or more solution algorithms to 1dentify poten-
tial options 1 the LNG market, wherein uncertainty 1s
accounted for 1n the identified potential options; and

outputting the identified potential options.

R2. The method as recited 1n any of paragraphs R-R1,
wherein generating the optimized ship schedule comprises
generating an optimized ship schedule to deliver LNG from
one or more LNG liquefaction terminals to one or more
LNG regasification terminals using a fleet of ships, includ-
ng:

modeling an LNG supply chain using a plurality of
optimization models, the LNG supply chain including the
one or more LNG liquefaction terminals, the one or more
LNG regasification terminals, and the fleet of ships;
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accepting a plurality of inputs relevant to the LNG supply
chain, the plurality of mnputs configured to be input into the
plurality of optimization models;

interfacing one or more solution algorithms with the
plurality of optimization models;

running the plurality of optimization models using the
interfaced one or more solution algorithms to create an
optimized ship schedule, wherein uncertainty 1s accounted
for 1n the optimized ship schedule; and

outputting the optimized ship schedule.

S. A method of validating a liquefied natural gas (LNG)
supply chain design, comprising;:

generating an LNG supply chain design; and

using an LNG ship scheduling model to validate a feasi-
bility of operations within the LNG supply chain design and
to refine profitability estimates.

S1. The method as recited in paragraph S, wherein gen-
erating the LNG supply chain design comprises:

modeling the LNG supply chain using a plurality of
optimization models, the modeled LNG supply chain includ-
ing a tleet of ships, at least one LNG regasification terminal,
at least one LNG liquetaction terminal, multiple customers
having purchase contracts of varying terms, and at least
LNG storage facility;

accepting 1nput data relevant to the modeled LNG supply
chain, the input data configured to be input into the plurality
ol optimization models;

interfacing one or more solution algorithms with the
plurality of optimization models;

running the plurality of optimization models using the
interfaced one or more solution algorithms to create an
optimized supply chain design; and

outputting the optimized supply chain design.

S2. The method as recited 1n any of paragraphs S-S1,
wherein uncertainty i1s accounted for 1n the mput data, and
wherein the size, number, and design of ships 1n the fleet of
ships, the number of berths and storage capacity at each of
the at least one LNG regasification terminals and LNG
liquefaction terminals, and any other design decisions are
treated as variables 1n the plurality of optimization models.

S3. The method as recited 1n any of paragraphs S-S2,
wherein using an LNG ship scheduling model comprises:

using a computer, modeling the LNG supply chain using
a plurality of optimization models;

accepting a plurality of mputs relevant to the LNG supply
chain, the plurality of mnputs configured to be input into the
plurality of optimization models;

interfacing one or more solution algorithms with the
plurality of optimization models;

using a computer, running the plurality of optimization
models using the interfaced one or more solution algorithms
to create an optimized ship schedule, wherein uncertainty 1s
accounted for 1n the optimized ship schedule; and

outputting the optimized ship schedule.

S4. The method as recited 1n any of paragraphs S-S3,
wherein the feasibility of operations 1s a best-case opera-
tional feasibility.

S5. The method as recited 1n any of paragraphs S-S54,
further comprising using a shipping simulation model to
evaluate outputs from the LNG ship scheduling model.

S6. The method as recited 1n any of paragraphs S-S5,
wherein using the shipping simulation model comprises:

modeling the LNG shipping schedule with a plurality of
decision-making modules, wherein the plurality of decision-
making modules are configured to capture behavior of
various elements of the LNG supply chain design;
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entering, 1to a computer-based simulation system, data
representing a current state of at least a portion of the LNG
supply chain design;

employing optimization techniques with the plurality of

50

employing optimization techniques with the plurality of
decision-making modules to prescribe LNG operations deci-
sions for each element of the LNG supply chain;

running a simulation of an LNG shipping schedule using

decision-making modules to prescribe operations decisions ° the plurality of decision-making modules, the data, and the

for each element of the LNG supply chain;

running a simulation of an LNG shipping schedule using
the plurality of decision-making modules, the data, and the
optimization techniques; and

outputting an LNG shipping schedule.

T. A method of validating a liquefied natural gas (LNG)
supply chain design, comprising;:

generating an LNG supply chain design; and

using an LNG shipping simulation model to validate a
teasibility of operations within the LNG supply chain design
and to refine profitability estimates.

U. A method of valuating a short-term optionality 1 a
liquetied natural gas (LNG) market, comprising:

obtaining a probability distribution of short-term LNG
prices;

using the probability distribution of short-term LNG
prices as an mput to a ship scheduling model;

running the ship scheduling model to generate an opti-
mized ship schedule; using outputs of the ship scheduling
model to value short-term optionality scenarios; and

outputting a valuation of the short-term optionality sce-
narios.

Ul. The method as recited in paragraph U, wherein the
ship scheduling model comprises:

a plurality of optimization models that model an LNG
supply chain, the LNG supply chain including one or more
LNG liquetaction terminals, one or more LNG regasification
terminals, and a fleet of ships;

an mput device that accepts a plurality of inputs relevant
to the LNG supply chain, the plurality of inputs configured
to be input into the plurality of optimization models;

one or more solution algorithms interfaced with the
plurality of optimization models;

a processor that runs the plurality of optimization models
using the interfaced one or more solution algorithms to

create an optimized ship schedule, wherein uncertainty 1s
accounted for 1n the optimized ship schedule; and

an output device that outputs the optimized ship schedule.

V. A method of valuating a short-term optionality 1n a
liquetied natural gas (LNG) market, comprising:

obtaining a probability distribution of short-term LNG
prices;

using the probability distribution of short-term LNG
prices as an mput to a shipping simulation model that
simulates shipping of LNG;

running the shipping simulation model to generate LNG
operations decisions;

using outputs of the shipping simulation model to value
short-term optionality scenarios; and

outputting a valuation of the short-term optionality sce-
narios.

V1. The method as recited in paragraph V, wherein the
shipping simulation model comprises:

modeling an LNG shipping schedule with a plurality of
decision-making modules, wherein the plurality of decision-
making modules are configured to capture behavior of
various elements of an LNG supply chain;

entering, 1nto a computer-based simulation system, data
representing a current state of at least a portion of the LNG
supply chain;
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optimization techniques; and
outputting the LNG shipping schedule.
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The disclosed aspects, methodologies and techniques may
be susceptible to various modifications, and alternative
forms and have been shown only by way of example. The
disclosed aspects, methodologies and techniques are not
intended to be limited to the specifics of what 1s disclosed
herein, but include all alternatives, modifications, and
equivalents falling within the spint and scope of the
appended claims.

What 1s claimed 1s:
1. A method for shipping liquefied natural gas (LNG)
comprising;
developing a long-term strategy for allocating a supply of
LNG, wherein the strategy 1dentifies potential options
in the LNG market while adhering to limitations of
available shipping capacity, wherein identifying the
potential options comprises:
modeling an LNG market using one or more optimi-
zation models 1n a computer system, wherein the
LNG market includes at least one buyer of LNG, at
least one seller of LNG, an LNG terminal, and at
least one ship for transporting LNG, wherein the one
or more optimization models comprises a stochastic
programming model, a stochastic dynamic program,
a robust optimization model, a mixed integer linear
programming model, a dynamic programming
model, an approximate dynamic programming
model, a constraint programing model, or a combi-
nation thereotf, and wherein the one or more optimi-
zation models incorporate a network flow model and
uses discrete variables to represent fixed penalties,
costs and incentives on various options, batch cargo
movements, limits on options, and IF-THEN logic
on option constraints;
inputting a plurality of mputs into the one or more
optimization models, wherein uncertainty in the one
or more iputs 1s represented as one or more of
multiple scenarios, probability distribution func-
tions, ranges of values, and a discrete set of values,
wherein the uncertainty in the plurality of inputs
includes one or more of shipping capacity on par-
ticular routes and the number, size, and speed of
ships traveling on a particular route, and wherein the
plurality of inputs comprise at least one of ship
routes between all supply and destination terminals
and types or grades of available LNG;
interfacing one or more solution algorithms with the
one or more optimization models 1n the computer
system; and
running 1n the computer system the one or more
optimization models using the interfaced one or
more solution algorithms to i1dentify potential
options 1n the LNG market, wherein uncertainty 1s
accounted for in the 1dentified potential options, and
wherein the i1dentified potential options include lim-
its on potential deals, including one or more of
maximum number of parties on one side of a deal,
maximum number of parties per deal, maximum
number of sets of parties dealing, and disallowed
deals;
outputting the identified potential options; and
shipping LNG according to one or more of the 1dentified
potential options.
2. The method of claim 1, wherein the plurality of inputs
comprise at least one of projects and parties to consider,
percent ownership of each party 1n each project,
a fraction of the supply committed at a location,
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projected production rates at each LNG terminal for each

supplier, and

local and regional gas supply and demand.

3. The method of claim 1, wherein the plurality of imputs
comprise at least one of shipping capacity constraints,

constraints of

cach project based on number, class, size, fuel type, and

speed range of ships,
whether ships are dedicated or pooled, and
whether ships are owned, long-term chartered, spot, or

short-term chartered.

4. The method of claim 1, wherein the plurality of imnputs
comprise at least one market for LNG ship outchartering.

5. The method of claim 1, wherein the plurality of mputs
comprise at least one market for LNG ship inchartering.

6. The method of claim 1, wherein the plurality of inputs
comprise at least one of contractual demand at each desti-
nation terminal for each consumer required from each
particular supplier, known and assumed fiscal terms for each
project’s contract, sale price structure, flexibility of the
contracts with regard to options such as the ability to
incharter or outcharter ships, divert cargos, or buy or sell to
spot markets, and time horizon.

7. The method of claim 1, wherein the plurality of mnputs
comprise at least one of cost of service estimates for each
shipping route, and LNG price range projections at each
market locale over a time horizon.

8. The method of claim 1, further comprising determining,
a next best alternative strategy available to at least one side
of an LNG purchase negotiation.

9. The method of claim 1, further comprising analyzing
flexibility and optionality in product routing.

10. The method of claim 1, wherein the one or more
optimization models are run to determine improved or
optimized profitability from a perspective of one or more
parties 1n a transaction.

11. The method of claim 1, further comprising identifying
sub-optimal potential options in the LNG market.

12. The method of claim 1, wherein the 1dentified poten-
tial options are evaluated over a time horizon.

13. The method of claim 12, wherein the time horizon 1s
a single time period snapshot.

14. The method of claim 13, wherein the time horizon 1s
a multi-period time horizon.

15. The method of claim 1, wherein the 1dentified poten-
tial options include one or more of diversions, swaps,
backhauls, ship outcharter, ship incharter, and co-loading of
ships.

16. The method of claim 1, wherein 1dentifying potential
options includes a sensitivity analysis to a data set.

17. The method of claim 1, wherein uncertainty in the
plurality of mputs includes one or more of natural gas prices,
shipping cost of service, fuel cost, and market supply and
demand scenarios.
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18. A computer program product having computer execut-
able logic recorded on a tangible, non-transitory machine-

readal

cod

vle medium, comprising:

¢ for developing a long-term strategy for allocating a

supply of liquefied natural gas (LNG) by identifying
potential options 1n the LNG market while adhering to
limitations of available shipping capacity, wherein the
code for 1dentifying the potential options comprises:

code for modeling an LNG market using one or more

optimization models, wherein the LNG market
includes at least one buyer of LNG, at least one seller
of LNG, an LNG terminal, and at least one means of
transporting LNG comprising one or more ships,
wherein the one or more optimization models 1s one
of a stochastic programming model, a stochastic
dynamic program, and a robust optimization model,
and wherein the one or more optimization models
incorporate a network flow model and uses discrete
variables to represent fixed penalties, costs and
incentives on various options, batch cargo move-
ments, limits on options, and IF-THEN logic on
option constraints;

code for accepting a plurality of mputs relevant to the

LNG market, wherein the plurality of inputs are
configured to be mput 1into the one or more optimi-
zation models, wherein uncertainty in the one or
more mputs 1s represented as one or more of multiple
scenarios, probability distribution functions, ranges
of values, and a discrete set of values, and wherein
the uncertainty 1n the plurality of inputs includes one
or more of shipping capacity on particular routes and
the number, size, and speed of ships traveling on a
particular route, and wherein the plurality of inputs
comprise at least one of ship routes between all
supply and destination terminals and types or grades

of available LNG;

code for interfacing one or more solution algorithms

with the one or more optimization models;

code for running the one or more optimization models

using the iterfaced one or more solution algorithms
to 1dentily potential options in the LNG market,
wherein uncertainty 1s accounted for 1n the 1dentified
potential options, and wherein the identified poten-
tial options include limits on potential deals, includ-
ing one or more ol maximum number of parties on
one side of a deal, maximum number of parties per
deal, maximum number of sets of parties dealing,
and disallowed deals; and

code for outputting the identified potential options.
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